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Abstract
Tree hollows are semi enclosed cavities that naturally form in mature trees. Hollows
are a distinctive component of uneven aged, ‘old growth’ forest. Within Australia they
are used by at least 15% of vertebrate fauna, with a large proportion of these species
being obligate hollow users: i.e. such species are dependent on the occurrence of
suitable densities of hollows. Hollow formation in Australia sclerophyll forests is very
slow, taking in excess of 100 years for small hollows to form. Thus if hollows are
lost, new hollows may take many decades to form. As a result, logging in either
timber production forests or conservation reserves where logging has previously
occurred may deplete hollows. Fires may also cause both the loss and creation of
hollows. Combinations of logging and fire in the flammable sclerophyll forests of
Australia therefore have the potential to lead to differing densities of hollows and
hollow-dependent fauna.
While there have been investigations of effects of logging on hollows as well as
separate studies of the effect of individual fires on hollows, studies that investigate the
interactive effects of logging and repeated fires on the production and loss of hollows
are lacking. Logging tends to target trees suitable for recruitment of hollows, thus
losses of trees with hollows from fire (as a consequence of branch shear or tree
collapse) within a logged forest may result in a net loss of hollows. Such a scenario
may depend on the frequency of fires and the consequent balance between rates of
loss of hollows and hollow creation. Knowledge of the effect of different fire regimes
on arboreal marsupials is, however, limited. Previous work is largely anecdotal and
suggests that high severity fires may have a significant impact on populations of
arboreal marsupials.
The aim of this study was to investigate the effect of different fire regimes and
logging on forest stand structure, tree hollows and populations of arboreal marsupials
in sclerophyll forests of Northeastern New South Wales. Specifically I investigated:

1. The effect of fire frequency and logging intensity on forest stand structure and
density of tree hollows in wet and dry sclerophyll forest;
2. The effects of tree size (diameter at breast height, DBH), forest type and fire
frequency on the occurrence of hollows within unlogged wet sclerophyll forest
(WSF) and dry sclerophyll forest (DSF);
7

3. The effect of individual fires on tree basal injury, tree collapse and
consumption of logs in sclerophyll forests;
4. The combined effects of fire frequency and logging intensity on populations of
Petauroides volans (Greater Glider) and Petaurus australis (Yellow-bellied
Glider) in WSF and DSF.
Research questions 1, 2 and 4 were addressed through a large scale ‘natural
experiment’ in north-eastern New South Wales. The study area allowed for a
‘disturbance matrix’ to be established, with sites distributed across varying degrees of
logging intensity (i.e. volume of merchantable timber removed off the site) and
varying wildfire frequency (i.e. number of wildfires since 1980). On each site I
measured forest stand attributes including DBH of all trees and the number of hollowbearing trees to determine the effect of past disturbance on the current forest stand
structure and density of hollow-bearing trees. At each site, a 500m long transect for
spotlighting of arboreal animals was also established. Sampling was done on three
occasions.
Elsewhere on the New South Wales North Coast, I undertook fieldwork before and
after four spatially separated prescribed fires to determine the resulting tree basal
injury, log consumption and tree collapse.
Logging significantly reduced the average stand DBH, density of hollows and hollow
bearing trees in both WSF and DSF, while fire frequency significantly increased the
likelihood of basal injury. The abundance of hollow-bearing trees and hollows
significantly decreased as a consequence of increasing fire frequency and logging
intensity; however on unlogged sites the abundance of hollow-bearing trees and
hollows increased as a consequence of increasing fire frequency.
The incidence of hollows in eight species of Eucalyptus, along with stags (i.e. dead
trees), was positively correlated with DBH in unlogged stands. In five Eucalyptus
species, fire frequency was also found to have a positive effect on a tree containing
hollows. Tree basal injury was therefore primarily determined by DBH and fire
frequency.
Prescribed fires caused no tree collapse within three months after fire but very low
levels occurred after a wildfire. The level of log consumption resulting from both
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types of fire was high but comparable with other studies. As a result there was
disparity between the level of tree collapse and log consumption, indicating that
frequent fire could have a detrimental effect on the occurrence of logs suitable as
wildlife habitat.
The density of tree hollows was positively correlated with the density of P. volans.
Fire frequency was found to be negatively correlated with the population density of P.
volans in WSF and the probability of occurrence of P. australis in DSF. Logging
intensity was also negatively correlated with the population density of P. volans,
however no effect of logging was found on P. australis.
The findings of this study suggest that logging in interaction with fire has major
effects on the supply of hollows and hollow-bearing trees. Fires have the potential to
reduce the size at which trees first develop hollows and increase the density of hollow
bearing trees in unlogged forest, however the suitability of these hollows for hollowdependent fauna is currently unknown. I found that increased fire frequency may
increase the abundance of hollows; however an increase in fire frequency results in a
negative impact on the abundance of P. volans and P. australis and logging also has a
negative impact on populations of P. volans. The study indicates that there are major
implications of logging and fire regimes for the conservation of a broad range of both
vertebrate and invertebrate fauna in the extensive sclerophyll forests of south eastern
NSW. The problem of a lack of hollow recruitment in logged forest subjected to
relatively frequent fire could be addressed by retaining additional hollow recruitment
trees within timber production forest. These results suggest that populations of
arboreal marsupials may be negatively affected by more frequent and intense fires as
a consequence of climate change. Further research is required on the effect of fire on
arboreal marsupials, in particular the effect of varying fire severities on mortality and
habitat attributes. This will assist with the identification of appropriate fire regimes
for the maintenance of viable populations of these unique fauna.
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Chapter One: The Importance of Tree Hollows for Wildlife
Conservation: A Review
Why are hollows important?
A tree hollow is defined as a ‘semi enclosed cavity that naturally forms in many
species of trees, predominantly old or dead trees and are a prominent feature of
natural forests and woodlands’ (Gibbons and Lindenmayer 2003: 1). Tree hollows are
found worldwide within most forests and woodlands including Northern Boreal
Forests (Smith et al. 2008), Mixed Oak forests of North America (Artman et al.
2001), Tropical Rainforests (Boyle et al. 2008) and sclerophyll forests (Gibbons and
Lindenmayer 2003). In Australia, many species of animals utilize hollows for
breeding and denning sites, thus are dependent on hollows for their survival (Gibbons
and Lindenmayer 2003). Hollows are regarded as a component of uneven age stand
‘old growth’ forest (Burgman 1996; Ranius et al. 2009; Remm and Lohmus 2011) as
their occurrence has been correlated with tree diameter at breast height and
subsequently tree age (Gibbons and Lindenmayer 2003; Wormington et al. 2003).

Hollows are important for the maintenance of biodiversity within Australian
sclerophyll forest. Within these forests it is estimated that at least 303 vertebrate taxa
utilise hollows at some stage of their life cycle (Gibbons and Lindenmayer 2003).
This figure accounts for 15% of described vertebrate taxa (Gibbons and Lindenmayer
2003). The group that most commonly uses hollows are mammals, with an estimated
83 species or 31% of all species known to utilise hollows at some stage of their life
cycle (Gibbons and Lindenmayer 2003). Many of the hollow dependent taxa are
obligate hollow users and their occurrence in forests is governed by the occurrence of
suitable hollow den sites (Pausas et al. 1995; Cunningham et al. 2004; Eyre 2007).
The abundance of most species of hollow dependent fauna is positively related to the
abundance of available hollows (Smith and Lindenmayer 1988; Wormington et al.
2002; Lindenmayer et al. 1991). Combinations of frequency and intensity of a
particular disturbance regime may result in neutral, negative or positive effects on
hollows. For example infrequent storms may cause the wind shear of branches
(potentially a positive effect on hollow development; Harper et al. 2005) and may also
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cause tree windthrow (a negative effect on hollow development; Whitford and
Williams 2001).

Quantitative studies that attempt to determine net trends in hollow density in relation
to different disturbance regimes are lacking. Previous studies have considered the
effect of timber harvesting regimes (that vary in frequency and intensity) in relation to
future hollow tree densities (Gibbons et al. 2010). Such an approach requires an
integrated understanding of gains and losses in relation to disturbance. Factors such as
the interaction between timber harvesting and recurrent fires require consideration. It
can be assumed that timber harvesting will either maintain (if all hollow bearing trees
are retained and not lost post logging) or reduce hollow abundance. A fire may either
decrease or increase hollow abundance due to factors such as forest stand structure,
availability of trees for formation of new hollows through injury and the occurrence
of previous injuries to trees. Studies that examine the interaction of tree basal area,
fire regimes and hollow dynamics are lacking. The development of an understanding
of hollow dynamics and the potential rate of hollow loss is important for the
management of Australian forest ecosystems. Hollow loss is a potential threat to the
long-term viability of populations of hollow dependent fauna that may also be
threatened for other reasons.

Disturbance response of Australian forest trees
Research on tree hollows in Australia has been focused on Mountain Ash (Eucalyptus
regnans) forest types and includes the dynamics of hollow bearing trees
(Lindenmayer et al. 1993; Lindenmayer et al. 1997), mean fire interval and tree
survival post fire (McCarthy et al. 1999), correlates between hollows and fauna
abundance (Smith and Lindenmayer 1988; Lindenmayer et al. 1990a; Lindenmayer et
al. 1991) and the modelling of future hollow tree dynamics as a consequence of
different disturbance regimes, namely logging and fire (Ball et al. 1999). After major
disturbance such as a crown fire or significant insect defoliation, canopy death can
occur in Mountain Ash forests (Mackey et al. 2002). Trees that were killed by fire but
not destroyed may persist as stags for up to the next 100 years, potentially functioning
as a hollow resource (Lindenmayer et al. 1997; Lindenmayer and Wood 2010). After
canopy death, germination occurs as a single cohort, having an initially rapid growth
13

rate, followed by a high degree of stem thinning. At seven years of age, up to 4000
stems ha-1 occur, yet this naturally thins to produce 20-40 stems ha-1 at 250 years of
age (Polglase et al. 1992). Without mixed severity fire occurring, no further
germination will occur, resulting in an even age stand forest that may persist until
canopy death from senescence or fire. Complete stand death only occurs from very
high severity fires. If a mixed severity fire occurs (i.e. where areas of the canopy are
not burnt), approximately 50% of the stand will survive (McCarthy et al. 1999;
Mackey et al. 2002). Only during mixed severity fires will tree recruitment occur,
allowing for the establishment of an uneven age stand structure, consisting of
surviving adults and new recruits (Mackey et al. 2002). Hollow trees in Mountain Ash
will consist of stags (produced from previous major disturbance events) and live trees
occurring in areas of lower fire severity or in areas that have not had a fire for at least
150 years. The development of hollows suitable for occupation by medium sized
mammals (eg Sugar Glider; Petaurus breviceps) has been estimated to require at least
150 years in Mountain Ash forest (Ambrose 1982; Ball et al. 1999; Lindenmayer et
al. 1991; Mackey et al. 2002). If frequent high intensity fires occur, the hollow
resource will consist entirely of stags (Mackey et al. 2002).

The Mountain Ash (Eucalyptus regnans) forest type is widespread in Tasmania but
confined on the mainland to the far south of the south eastern state of Victoria,
covering approximately 1° of latitude and 1° of longitude (Mackey et al. 2002).
Another non-resprouting sclerophyll forest, dominated by Alpine Ash (E.
delegatensis), covers a large proportion of Tasmania and also occurs throughout the
Victorian Central Highlands as well as high altitude areas of southern New South
Wales (Mackey et al. 2002). By comparison, less research on hollow dynamics has
been conducted in other Eucalyptus dominated forest types, especially the widespread
dry sclerophyll types that are common in the temperate south east and south west.

Across Australia 116 million hectares of Eucalypt forest remains after clearing for
agriculture, urban development and infrastructure, representing a range of forest types
including mallee, woodland and tall open forests (Montreal Process Implementation
Group for Australia 2008). Dry and wet Eucalypt forests represent a quarter of all
Australian forest types, distributed throughout the southeast and southwest of
Australia (Montreal Process Implementation Group for Australia 2008). Most forest
14

Eucalyptus spp. are able to vigorously resprout following fire from either epicormic
buds on stems and/or basal lignotubers (Florence 2006). Basal lignotubers also
provide a source of resprouting in many eucalypts following removal of stems
through mechanical cutting (logging; Florence 1996).

By contrast, E. regnans is a member of a small group of non-sprouting eucalypts (Gill
1997; Nicolle 2006, Wardell Johnson 2000, Wardell-Johnson et al. 1997). Forest
species within this group lack lignotubers and have thin bark, thus compromising
epicormic resprouting and the ability to survive a high intensity ‘crown’ fire (Ashton
1976, Wardell-Johnson et al 1997). If a high intensity crown fire occurs within this
forest type, the majority of stems are killed, which promotes even aged stand
regeneration (Ashton 1976). Within northern hemisphere boreal and broadleaf (e.g.
Douglas Fir, Pseudotsuga menziesii) forests, unplanned fires can be stand replacing
fires that result in the death of the canopy species, and result in the stimulation of
significant post-fire stand regeneration, leading to the production of an even age stand
that naturally ‘thins’ over time (Chen 2008; Gutsell and Johnson 2007). The forests of
the northern hemisphere examples and Mountain Ash of southeastern Australia and
certain regionally occurring species in southwest Western Australia (Wardell-Johnson
2000) therefore contrast with the regeneration patterns of temperate, ‘resprouter’
Eucalypt species.

Effects of fire on hollow formation and loss
Because forests dominated by resprouting species of Eucalyptus are widespread, a
detailed understanding of hollow dynamics within these forest types is required. Fire
has been suggested as a key factor in hollow production in many eucalypt forests,
with high intensity fires being particularly important in this regard (Friend and Wayne
2003). However, experimental studies dealing with hollows and fire are lacking and to
the best of my knowledge only a single study has tested the losses and gains of
hollows from a single fire. Inions et al. (1989) found that a moderate intensity fire
within Jarrah (Eucalyptus marginata)/ Marri (Corymbia calophylla) forest created
hollows, in particular in trees that were previously non-hollow bearing, however
hollows were also destroyed by the fire. While Inions et al. (1989) did not
quantitatively examine specific losses and gains of hollows from the fire, it is implied
15

that a net gain of hollows occurred post fire. In Tasmania, studies have not
specifically examined the effect of fire on hollow production, but have indicated that
it may be related to the occurrence of hollows in dry sclerophyll forests (Munks et al.
2007; Koch et al. 2008).

Fires also have the potential to remove hollows, especially by causing the collapse of
hollow-bearing trees (HBTs; Inions et al. 1989; Parnaby et al. 2010; Murphy and
Legg 2007). Previous fire severity has been correlated with a reduction in the density
of hollow-bearing stags (Eyre 2005). Time since fire was also shown to be negatively
correlated with the abundance of hollow bearing stags and live HBTs, with more
recently burnt areas having less hollows than long unburnt areas (Eyre et al. 2010).

The main process that results in tree collapse is tree basal injury. Injuries cause
collapse as a consequence of reduced stability, especially during windy periods
(Whitford and Williams 2001). Whitford and Williams (2001) analysed data from
permanent growth plots in the Jarrah/ Marri (E. marginata/ Corymbia calophylla)
forest of southwest Western Australia. They found that 2% and 1.6% of E. marginata
and C. calophylla, respectively, collapsed per decade. Tree basal injury (hollowing of
the base) accounted for 72% of all collapses. A total of 19% of all collapses were
attributed directly to fire, while fire induced basal injury and subsequent windthrow
post-fire accounted for 39% of tree collapses. Whitford and Williams (2001) also
demonstrated that fire frequency (of both planned and unplanned fires) had a
significant effect on the likelihood of tree collapse, with higher frequencies producing
a greater probability of subsequent collapse. These results indicate that fire is a major
contributor to tree collapse in this forest type and possibly other ‘resprouter’ Eucalypt
communities.

The stems of immature trees may be injured or collapse due to fire and this may
initiate resprouting from the basal lignotuber, producing a coppiced effect (Florence
1996). Compared with the changes that occur following fire in Mountain Ash forests
(i.e. death of stands and regeneration of seedlings), post-fire changes in forests
dominated by resprouting eucalypts are relatively subtle and result in a relatively
stable overstorey structure. Nonetheless, variations may occur that relate to species
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type and effects of differences in fire severity on mode of resprouting (Burrows 2002,
Gill 1997).

The relationship between tree size and hollow development
Current evidence suggests that the key factor relating to probability of individual trees
containing hollows is tree size (i.e. diameter at breast height; DBH). Trees with a
larger DBH have a greater probability of containing a hollow (Wormington et al.
2003; Eyre et al. 2010). The relationship between DBH and hollow development
indicates that significant age is required for hollow development. At least 80 years is
needed for small hollows to form in Messmate; Eucalyptus obliqua (Koch et al. 2008)
and up to 220 years for large hollows in Manna Gum; Eucalyptus viminalis (Gibbons
and Lindenmayer 2003). This long development time emphasizes the need for
conservative management of the hollow resource, because management decisions that
result in the removal of hollows (e.g. through logging), may have long-lasting effects.

Effects of logging on hollow loss
It is estimated that 78% of Australia’s sclerophyll forest have been previously logged,
with varying intensity (Keenan and Ryan 2004). The intensity of the previous logging
varies as a consequence of the time of logging, the technology used (hand tools vs.
mechanical cutting), the quality of the timber resource, the proximity to settlement
and transport infrastructure and nearby demand (e.g. for pit propping or railways).
Logging has the potential to result in a loss of hollow bearing trees through the
removal of mature trees. Logged forests tend to have a lower abundance of hollows
than unlogged forests (Gibbons et al. 2010; Eyre et al. 2010; Ball et al. 1999; State
Forests of NSW 1995). The most common way in which hollow bearing trees are lost
from logging includes tree felling and collapse of retained trees after logging as a
result of slash burning, root compaction and windthrow (Gibbons et al. 2000b).

Within eastern Australia, as a consequence of forest management prescriptions aimed
at conserving biodiversity values within timber production forests, live hollow
bearing trees must be retained across the area being cut. This varies by Forestry
Management Area and can be from as low as 2-3 trees per 10 ha in Tasmania
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(Gibbons and Lindenmayer 1996) up to 100 potential (recruitment) and existing
HBTs per 10 ha in southwestern Victoria (Gibbons and Lindenmayer 1996). In
northeastern New South Wales, government regulation states that logging operations
on public land must retain 10 HBTs per two hectares along with a further 10 future
recruitment HBT trees per two hectares (Anon 1999b). Recent modelling by Gibbons
et al. (2010) in the wet sclerophyll forests of southeastern Australia has indicated that
twice the numbers of retained recruitment hollow trees may need to be retained if
HBT net losses are to be avoided. The large variation in the recommended number of
HBTs conserved across logging sites in Australia demonstrates a lack of
understanding of the optimal level of hollows that are required for sustaining
populations of hollow dependent fauna (HDF). Long term monitoring studies into the
effectiveness of current logging regimes (and subsequent HBT retention rates) in
conserving HDF are limited and are restricted to relatively small areas of the
landscape (e.g. southeastern New South Wales; Kavanagh, unpublished data). While
studies have determined the relationship between hollow abundance and density of
particular species of HDF (Smith and Lindenmayer 1988; Lindenmayer et al. 1990a,
1990b; Wormington et al. 2003), to the best of my knowledge no one has determined
the hollow density required for the conservation of high density populations of any
species of HDF within any Australian forest type. Such information is required to
understand whether a lack of hollows is a key contributor to the rarity of some species
of HDF.

The interaction between fire and logging on hollow loss
As stated previously, fire has the potential to create or remove hollows, while logging
will either maintain or remove hollows. Specifically it is important to understand the
difference between the rates of creation versus the rates of loss of hollows that result
from these disturbance regimes. These rates will be determined by the intensity and
frequency of these disturbances. The interaction between these two aspects of the
disturbance regime (i.e. logging and fire) may have crucial effects on the maintenance
of hollows.

Logging targets larger trees, which are likely to become future HBTs, or that may
already contain hollows, thus their removal potentially compromises future hollow
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recruitment and could result in a net loss of hollows. It therefore follows, that the
potential for hollow loss from fires will be conditional on the variation in the level of
retention of future HBT recruits, as determined by logging. Less hollow loss is likely
if a higher proportion of large trees are retained. While some studies have measured
hollow loss from fires (Inions et al. 1989; Parnaby et al. 2010), an examination of the
interaction between logging intensity and fire frequency is required to determine
overall scenarios of net change in hollow density in these forests.

The importance of hollows for the conservation of arboreal marsupials
Within resprouter-dominated sclerophyll forests a range of arboreal marsupials occur.
These include Petaurus australis (Yellow-bellied Glider), Petauroides volans
(Greater Glider), Petaurus breviceps (Sugar Glider), Petaurus norfolcensis (Squirrel
Glider), Pseudocheirus peregrinus (Common Ringtail Possum), Trichosurus
vulpecula (Common Brushtail Possum), Trichosurus caninus (Mountain Brushtail
Possum) and Phascogale tapoatafa (Brush-tailed Phascogale). All of these species
will utilize hollows at some stage in their life cycle (Gibbons and Lindenmayer 2003),
however all glider species are obligate hollow users, i.e. their presence within a forest
is dependent on a sufficient density of HBTs (Gibbons and Lindenmayer 2003; Pausas
et al. 1995; Eyre 2006). The density of hollows or HBTs has been correlated with the
presence and abundance of arboreal marsupials (Smith and Lindenmayer 1988; Eyre
2005; Wormington et al. 2003).

Petauroides volans
Petauroides volans is a species considered to be highly sensitive to logging
disturbance (Kavanagh et al. 1995; Kavanagh and Bamkin 1995; Kavanagh 2000;
Loyn 2004). Petauroides volans is a folivorous marsupial and is found throughout
productive forests of eastern Australia (Kavanagh and Lambert 1990). Individuals
typically occupy a small home range of between 1- 4 ha (Comport et al. 1996; Henry
1984; Kavanagh and Wheeler 2004), yet this may increase significantly to at least 8
ha in low productivity, suboptimal habitat devoid of hollows, and possibly lower in
foliar nutrients (Smith et al. 2007).
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Population densities of P. volans can be relatively high; for example, in the wet
sclerophyll forests of southern Australia, ~0.5-2 individuals per hectare were found
(Kavanagh 1984), while in the wet sclerophyll forests of North Queensland densities
of around three individuals per hectare were recorded (Comport et al. 1996).
Petauroides volans is known to denswap (i.e. to use multiple hollows within their
home range) extensively, with home range and denswapping being correlated to the
availability of suitable den trees (Lindenmayer et al. 2004; Smith et al. 2007). A
consequence of a small home range and den swapping is the requirement for high
densities of HBTs (Lindenmayer et al. 2004). Previous studies have correlated P.
volans abundance with hollow availability (Eyre 2006). Thus if a large number of
HBTs are removed then populations may decline (Kavanagh 2000).

Petaurus australis
Petaurus australis is the largest species of wrist-wing glider in the world and is a
marsupial exudativore/ insectivore (Quin et al. 1996). Petaurus australis has a patchy
distribution throughout its range from western Victoria to north Queensland,
occurring in a range of vegetation types including dry sclerophyll forest (Carthew et
al. 1999; Eyre et al. 2005), Mountain Ash forest (Craig 1985; Incoll et al. 2001) and
‘resprouter’ wet sclerophyll forest (Goldingay and Kavanagh 1990; Goldingay and
Kavanagh 1993; Kavanagh and Bamkin 1995; Kavanagh et al. 1995). Previous
research has attempted to identify the habitat requirements of the species (Eyre et al.
2005) and determine the sensitivity of the species to logging disturbance (Lunney
1987; Kavanagh and Bamkin 1995; Kavanagh et al. 1995; Milledge et al. 1991).

Individuals occupy a home range of between 30-60 ha depending on forest type and
occurs in family groups of between 2-6 individuals (Craig 1985; Brown et al. 2007;
Goldingay and Kavanagh 1993). The effect of logging on the species has been studied
in chronosequences (where previous logging that occurred >10 years before sampling
is included as a variable) throughout most of its range, either through direct animal
observation, animal vocalisations or trapping (Milledge et al. 1991; Kavanagh and
Bamkin 1995; Kavanagh et al. 1995; Eyre 2007), monitoring of incised feed trees
(Eyre and Goldingay 2003; Eyre and Goldingay 2005) or indirectly through
population viability analysis (Goldingay and Possingham 1995). The species is listed
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as Vulnerable under Schedule Two of the NSW Threatened Species Conservation Act
1995 (NSW National Parks and Wildlife Service 2003). Threats to the conservation
status of this species may be mitigated by the increased area of conservation reserves
and changes to forestry activities designed to reduce impacts on populations
(Kavanagh 2004).

Effects of logging on arboreal marsupials
Research into the effects of logging on biodiversity in Australia’s forests has focused
primarily on arboreal marsupials (Lindenmayer et al. 1990a, 1990b; Lindenmayer et
al. 1999a; Kavanagh 2000) due to their requirement for habitat elements that may be
affected by logging, including HBTs (Eyre 2005; Lindenmayer et al. 1990b).
Knowledge of the impact of logging activities on arboreal marsupials occurs for most
broad Australian forest types and species. Studies have included monitoring of
individuals before and after logging (Kavanagh and Webb 1998; Kavanagh 2000;
Rhind 2004), though correlative studies that consider previous logging regimes are
most common (Braithwaite 1983; Kavanagh et al. 1995; Kavanagh and Bamkin 1995;
Wayne et al. 2006).

All previous correlative studies that have investigated the effect of logging on P.
volans have found that the species is sensitive to logging, with fewer individuals
being detected within logged habitat compared with unlogged or intensively logged
forest (Kavanagh et al. 1995; Kavanagh and Bamkin 1995; Lunney 1987; Eyre 2007).
When analyzing the effect of logging on P. australis, the results of various studies are
contradictory. Lunney (1987), Kavanagh et al. (1995) and Kavanagh and Bamkin
(1995) reported no significant logging effect on populations of P. australis, while
Eyre (2007) found that the detectability of P. australis was negatively correlated with
previous logging intensity.

The above findings are supported by a small number of control-impact studies. In two
separate control-impact studies in southeastern New South Wales, population declines
of P. volans were positively correlated with increased logging intensity (Kavanagh
2000; Kavanagh and Webb 1998). In a single control-impact study that considered the
effect of logging on P. australis, it was found that no direct animal mortality occurred
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and individuals foraged infrequently in the cutting area, while relying on unlogged
riparian buffers for their persistence (Kavanagh and Webb 1998).

Effect of fire regimes on arboreal marsupials
Knowledge of the impact of fire on arboreal marsupial populations is lacking. To
date, studies have not considered the effect of frequent fire on arboreal marsupial
populations. Only a single study (on Pseudocheirus occidentalis; Western Ringtail
Possum; Wayne et al. 2006) has considered the effect of fire frequency on arboreal
marsupials. Wayne et al. (2006) found that the detectability of P. occidentalis was
negatively affected by previous fire frequency.

Knowledge of the effects of fire regimes on P. volans is limited and previous studies
have been opportunistic. These studies found that P. volans declined as a consequence
of a single wildfire (Lunney 1987) or significantly less animals were recorded in
more recently burnt areas than from within areas that had a longer time since fire (van
der Ree and Loyn 2002). Knowledge of the effect of fire on P. australis is largely
anecdotal but it has been suggested that fire severity has a negative effect on
populations (Lunney 1987; Goldingay and Kavanagh 1991). In southeast New South
Wales, a population that was commonly detected before a wildfire was not again
recorded for 15 years post-fire (Goldingay and Kavanagh 1991).
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Overall thesis aims and thesis outline
The overall aim of this thesis is to investigate the effect of fire regimes and logging
intensity on:
 forest stand structure
 hollow abundance
 populations of keystone arboreal marsupial populations

This thesis is divided into six chapters, of which four are field-based studies that
specifically examine a number of research questions. These chapters have been
written as drafts of manuscripts for submission to peer-reviewed journals, with their
own introduction, methods, results and discussion.
This chapter, ‘The importance of tree hollows for wildlife conservation: A review’,
(Chapter One) reviews previous literature and establishes the rationale for establishing
the aims of the studies.
Chapter Two, ‘Tree hollows and forest stand structure in Australian warm temperate
Eucalyptus forests are adversely affected by logging more than by wildfire’, is a
correlative study that took a landscape approach to investigate the effect of previous
fire frequency and logging intensity on the current forest stand structure and hollow
abundance. This chapter used a disturbance matrix within dry sclerophyll and wet
sclerophyll forest including sites that had no record of fire and no history of logging
through to sites that had been frequently burnt and had been selectively logged but
with low canopy retention. Through this experimental design, interactions between
fire frequency and logging intensity could be examined. This is important as previous
studies have been effectively examined the interaction between logging and fire
across such a well-developed fire frequency and logging intensity gradient. This
gradient is unique as it is able to incorporate unlogged forest stands across two
distinct forest types, each with a varying degree of previous fire frequency. The
chapter is intended for submission to Biological Conservation.
Chapter Three, ‘Effects of fire frequency on basal injury and hollows in sclerophyll
forests of northern NSW, Australia’, uses the dataset from the unlogged sites
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established for Chapter Two and examines the influence of fire frequency, tree DBH,
bark type and forest type on the incidence of basal injury and HBTs. This allows for
the determination of the relative influence of fire on the production of hollows within
unlogged sclerophyll forests. While previous attempts have been made to determine
the relative influence of fires towards hollow development (eg Adkins 2006), no
previous study has been able to conclude with quantitative evidence that fires create
tree hollows. This study is also unique as it occurs within unlogged, ‘old growth’
forests. The chapter is intended for submission to Australian Journal of Botany.
Chapter Four, ‘Changes in forest habitat attributes following a single fire in
sclerophyll forest’, considers the effect of four prescribed fires, along with one
wildfire, each of varying severities on the increase in tree basal injury, tree collapse
and log consumption within sclerophyll forest. This chapter provides a significant
contribution to the knowledge of tree collapse and log removal in response to a single
fire, which have not previously been studied in unison. The chapter is intended for
submission to Ecological Management and Restoration.
Chapter Five, ‘Effects of logging and fire frequency on the Greater Glider
(Petauroides volans) and Yellow-bellied Glider (Petaurus australis), in North-eastern
New South Wales, Australia’, is a correlative study that utilises many of the sites from
Chapter Two, and assesses populations of P. australis and P. volans across fire
frequency and logging intensity gradients to determine the relative effects of each
disturbance on populations. The influence of forest stand structural attributes
(including the density of HBTs and average DBH) on populations of these animals are
also considered. This chapter is significant as it is the first study that has considered
the influence of fire frequency on these species and is also the first study that has
considered the interaction between fire frequency and logging intensity on these
species. The chapter is intended for submission to Biological Conservation.
Chapter Six, ‘Summary of findings, implications and future research’ is a concluding
chapter that synthesises the findings of the four main chapters and also includes
management recommendations that can be inferred from the results of the research
chapters.
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Chapter Two: Tree hollows and forest stand structure in
Australian warm temperate Eucalyptus forests are adversely
affected by logging more than wildfire
Introduction
Tree hollows are semi-enclosed cavities that form in a range of tree species (Gibbons
and Lindenmayer 2003; Ranius et al. 2009; Remm and Lohmus 2011). In the northern
hemisphere, they are important for the conservation of a range of vertebrate fauna
including woodpeckers (Hartwig et al. 2004; Roberge et al. 2008), flying squirrels
(Hanski et al. 2000; Shafique et al. 2009; Pyare et al. 2010), microbats (Lucan et al.
2009) along with large forest owls (Saurola 2009), and even invertebrate fauna
(Jansson et al. 2009), many of which are threatened due to declines in the hollow
resource. Within Australia, tree hollows are a key habitat component for animals.
They are required for breeding and shelter by more than 15% of the vertebrate fauna,
in particular mammalian taxa (Gibbons and Lindenmayer 2003). Many forest fauna
species, such as forest owls and gliding possums, are obligate hollow users that
depend on the presence of old, hollow-bearing trees for persistence, and these species
are sensitive to forestry practices (Smith and Lindenmayer 1988; Pausas et al. 1995;
Cunningham et al. 2004; Kavanagh 2004: Kavanagh et al. 2004; Eyre 2007).

In Australian forests hollow formation is slow, with small hollows taking at least 80
years to form (Koch et al. 2008), while larger hollows, suitable for occupation by
animals such as forest owls, may take as long as 220 years (Gibbons and
Lindenmayer 2003). Consequently, the hollow resource needs to be carefully
managed within Australian forests. Within the northern hemisphere, vertebrate fauna
are known to excavate hollows (Bull et al. 1992; Hartwig et al. 2004). By contrast,
within the Australian forests vertebrates are not known to build hollows. Hollow
formation is dependent upon termites gaining access and the subsequent fungal decay
of internal heartwood (Mackowski 1984); processes that may be facilitated by branch
shear following wind (Harper et al. 2005) or fire (Inions et al. 1989).
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Ecologically Sustainable Forest Management (ESFM) aims to maintain forest
ecosystem integrity, productivity, resilience and biodiversity in multi-use forests
(Kotwal et al. 2008). ESFM relies on the identification of forest indicators including
species, habitat attributes and processes that can act as sentinels for ecosystem health
(Lindenmayer 1999; Lindenmayer et al. 2000a; Lindenmayer et al. 2006). The status
of forest habitat elements such as tree hollows will be particularly important in this
regard (Lindenmayer et al. 2006; Gibbons and Lindenmayer 2003; Burgmann 1996;
Ranius et al. 2009; Remm and Lohmus 2011). In the fire-prone, Eucalyptus
dominated forests of Australia, detailed insights into the effects of logging and fire
regimes on the dynamics (i.e. losses and gains) of hollows are required in order
conserve vertebrate fauna and meet ESFM guidelines. Logging preferentially removes
large, usually older, rather than small, usually younger, trees and therefore reduces the
number of trees of a suitable size and age for hollow formation. Such losses will be
exacerbated by the natural collapse of existing hollow trees (Gibbons et al. 2010).

Current logging practices in Australia require the reservation of hollow bearing trees
(HBT) and future recruitment trees during logging. The specified tree retention
densities vary across different management jurisdictions for various types eucalypt
forest (e.g. 1-10 HBT ha-1; Anon 1999b; Gibbons and Lindenmayer 2003). Within
unlogged eucalypt forest in Eastern Australia, the density of HBTs generally ranges
from 10 to 25 ha-1 (Kavanagh and Stanton 1998; Ross 1999; Gibbons et al. 2000a).
Retention rates are therefore significantly lower than the naturally occurring density
of hollow bearing trees.

Fires affect hollow dynamics in Australian forest by causing both losses and gains.
Substantial losses of hollow bearing trees (i.e. 15-70%) have been measured across a
range of forest ecosystems (Inions et al. 1989; Murphy and Legg 2007; Parnaby et al.
2010). By contrast, Munks et al. (2007) found that trees with fire-induced basal injury
were more likely to contain a hollow than trees without injuries throughout
Tasmanian sclerophyll forests. In Eucalyptus obliqua forest in Tasmania, Koch et al.
(2008) determined that hollow production in dry forests was faster than in mesic
forests, potentially as a result of a regime of more frequent fire.
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Research is lacking that considers the interaction between fire and logging regimes in
influencing average tree size, basal area and resultant hollow abundance. In particular,
differing combinations of fire frequency and intensity may alter the balance between
loss of hollow bearing trees and hollow formation. Such a balance will be further
affected by logging. The aim of this study was therefore to determine the effects of
fire frequency and logging intensity on forest structural attributes, tree hollows and
HBTs in a warm temperate forest landscape in south-eastern Australia. We predicted
that:
1. The percentage of trees with tree basal injury will be positively correlated to
fire frequency. This process is a precursor to tree collapse, and so has the
potential to remove existing and potential HBTs. Positive effect of fire
frequency on tree loss may outweigh any promotion of hollows via increased
rates of tree injury.
2. Average diameter at breast height (DBH) and stand basal area (BA) will be
negatively correlated with logging intensity due to the preferential removal of
large stems. This process will be amplified by higher frequencies of fire
because fires also remove large trees.
3. The net effect of the processes in 2) will result in a reduction of hollows via
the loss of large trees, as a result of increasing logging intensity and/or fire
frequency. Hollow loss under frequent fire will be compounded in the long
term by an absence of recruitment due to a lack of suitably sized trees.

Method
Study area
This study was located in the contiguous Eucalyptus forests of the Dorrigo, Guy
Fawkes and Chaelundi plateaux, New South Wales, Australia, approximately 500 km
north of Sydney (Figure 2.1). The climate of the study area is warm temperate, with
between 1100 and 1950 mm of rainfall per annum with an autumn maximum (Bureau
of Meteorology 2012a). The forest is mostly unfragmented with some losses due to
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clearing for agriculture situated predominantly along fertile flats of large rivers and
streams. Two different forest types were selected for sampling. These were a wet
sclerophyll forest dominated by New England Blackbutt (Eucalyptus andrewsii ssp.
campanulata), Sydney Blue Gum (E. saligna), Tallowwood (E. microcorys) and
Silvertop Stringybark (E. laevopinea), classified as Forest Type 163 (Baur 1989), and
a dry sclerophyll forest dominated by Spotted Gum (E. henryii), Grey Gum (E.
biturbinata) and Northern Grey Ironbark (E. siderophloia), classified as Forest Type
74 (Baur 1989). Within these communities, a criteria for site selection was that the
canopy species composition must have been similar among each site. The dry
sclerophyll forest sites occurred an altitude of 350-600m above sea level, while the
wet sclerophyll sites occurred at an altitude of 750-1200m above sea level.

A long history of timber extraction has occurred in the study area; however, in recent
decades significant areas have been converted from State Forests to conservation
reserves in which logging is excluded. Selective logging, which targets large, straight
trees for sawlogs, commenced on the study sites in the 1960s. Logging rotation
intervals in the study area are currently between 15-30 years with most logged sites
previously logged twice (Forests NSW unpublished data). Riparian areas within the
majority of sites have been logged though this practice ceased recently. Logged areas
are usually subjected to a fuel reduction ‘slash’ burn to reduce coarse woody debris
and to assist the establishment of Eucalyptus regeneration (Forests NSW unpublished
data).

The fire season is late winter to early summer (August to December). Major, intense
fires (>50,000 ha) occurred in 1994 and also in 2000, 2001 and 2002. These were
coincident with hot, dry, windy weather. Smaller, less intense fires (<1,000 ha) are
commonly lit by leaseholders (graziers) in most years but usually under milder
weather conditions. Approximately 10 % of the study area has remained unburnt since
1960.
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Figure 2.1: Location of sites used in this study.

Site selection
Digitised data layers were obtained for vegetation type (comprehensive regional
assessment vegetation; produced by NSW National Parks and Wildlife Service; NSW
NPWS) which was supplemented by examining a forest type layer (Baur 1989) prior
to field verification. Fire and logging histories were also obtained (Forests NSW for
State Forest areas and NSW NPWS for NPWS areas). Logging records included the
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volume of timber removed and the year of each logging event (Forests NSW
unpublished data). Fire history, usually for wildfires only, was reliable from 1980present, but included only the perimeter of the fire and no data were available for fire
severity or patchiness. Fire frequency was categorised for both the wet and dry
sclerophyll forests as: 1) a regime of very infrequent fire (i.e. no recorded fire); 2)
infrequent fire (1 fire since 1980), 3) frequent fire (2 fires since 1980), and; 4) very
frequent fire (3 fires since 1980). The latter category occurred exclusively within the
dry sclerophyll forest (Table 2.1).

Sites were selected so that treatment combinations were spread and inter-mixed. The
number of replicates within each fire frequency treatment was variable (Table 2.1).
Time since fire was standardised by sampling only areas burnt in 2000-2002 (8-10
years prior to sampling) within treatments that had at least one fire. Within each fire
frequency category, logging intensity (i.e. total volume of commercial timber
removed per hectare since 1960) was calculated from logging records held by Forests
NSW. The logging intensity assessed in this way is relative; it is possible to remove
large volumes of timber from a wet sclerophyll forest yet still retain greater residual
volumes (basal area) than that present in some unlogged dry sclerophyll forests.
Table 2.1: The number of sites sampled in relation to differing disturbance regime
combinations in warm temperate eucalypt forest landscapes (wet and dry sclerophyll
forest; WSF and DSF). Categories of logging intensity represent differing volumes of
3
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timber removal (m ha ) since 1960 (i.e. Unlogged, 0; Low logging, 1 to 40; High
logging, > 40). Categories of fire frequency are represented by the number of fires
recorded since 1980. Time of last fire was standardised for all burnt sites (i.e. last burnt
in 2001 to 2002).
Number of fires in
previous 30 years

Unlogged

Low Logging
intensity

High Logging
intensity

DSF

WSF

DSF

WSF

DSF

WSF

0

2

5

5

4

0

4

1

5

1

6

3

0

4

2

3

4

6

5

0

2

3

6

0

4

0

0

0
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Forest structure and hollow abundance sampling
Each site (a 500 m x 100 m quadrat) was bisected by a vehicular trail and established
at least 100 m from the nearest fire frequency boundary. The quadrat was divided
longitudinally down the centre by the trail and at the 0, 100, 200, 300 and 400 m
points, and on both sides of the quadrat, a 50 m transect was established perpendicular
to the trail. The overstorey was sampled within five metres on each side of the five
transects, providing an overall sampling area of 0.5 ha per site. Tree species, average
DBH, basal area (BA) and stem density for trees larger than 15 cm DBH was
calculated to the nearest centimetre with a fibreglass tape measure along all transects.
The presence of tree basal injury (being the occurrence of an injury at the base of a
tree where the bark has been compromised and timber has been exposed) was
determined by examining the base of each tree. The density per ha of hollows and
HBTs was calculated by examining all sides of every tree with binoculars. Observed
cavities of depth > 2 cm were scored as hollows.
Data analysis
Analysis of variance (ANOVA) was used to examine the effects of fire frequency and
logging intensity and their interaction on the five measures of stand structure and two
measures of hollows. Fire frequency was represented by four categories (Table 2.1)
and logging intensity was divided into three categories (Table 2.1). Separate twofactor ANOVAs were performed for each forest type (i.e. wet and dry sclerophyll),
with a more constrained range of fire frequency and logging intensity present for dry
sclerophyll (Table 2.1). Shapiro Wilks tests were performed to examine the normality
of response variables prior to analysis. These indicated that all variables were
normally distributed. Analyses were therefore performed on untransformed data in all
cases. Post-hoc Tukey tests were used to examine differences among mean responses
in appropriate treatment groups.

Results
Stand structural characteristics
Basal injury
Both fire frequency and logging intensity had significant effects on stand structural
attributes and forest types (Table 2.2). The percentage of trees with basal injury was
significantly affected by fire frequency (Table 2.2) in both forest types. Higher levels
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of injured trees were found in burned sites, irrespective of fire frequency prior to
2001/2, compared with unburned sites (Figure 2.2).
Stem density
Stem density was not significantly affected by either fire frequency or logging
intensity in DSF but was significantly affected by logging intensity in WSF (Table
2.2). Sites with low levels of logging had significantly higher densities of tree stems
than either unlogged sites or sites logged at high intensity (Figure 2.2).
Diameter at breast height (DBH) and basal area (BA)
Diameter at Breast Height and BA were significantly affected by fire frequency and
logging intensity, and in DSF, their interaction (Table 2.2). Unlogged DSF sites had
significantly higher DBH than sites logged at low intensity (Figure 2.2, Table 2.2). In
WSF, DBH was significantly higher in unlogged sites and in unburnt sites (Figure 2.2,
Table 2.2). Overall BA and BA of large trees were significantly affected by the
interaction between fire frequency and logging intensity in DSF (Table 2.2). Sites
unburned and unlogged at had significantly higher BA than other sites irrespective of
fire frequency and logging (Figure 2.3, Table 2.2). A similar trend applied to BA of
large trees in DSF (Figure 2.3, Table 2.2). By contrast in WSF, BA and BA of large
trees was significantly affected by logging intensity only (Table 2.2), with higher
values evident in the absence of logging (BA and BA of large trees) or under low
intensity logging (BA large trees) compared with highest level of logging (Figure 2.3,
Table 2.2).
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Figure 2.2: Response of forest stand attributes of eucalypt forest stands to logging
intensity and fire frequency. Figures 2.2 A and 2.2 B: % trees with injuries in dry
sclerophyll forest (DSF); Figures 2.2 C and2.2 D: diameter at breast height in wet
sclerophyll forest (WSF); Figure 2.2 E: stem density in WSF. Categories of logging
intensity represent total volume of timber removal since 1960 (i.e. Unlogged, zero; Low
3
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logging, 1 to 40; High logging, > 40 m ha of timber removed). Black bars represent
unlogged forest sites, dark grey bars represent sites that have experienced low
logging intensity and light grey bars represent sites that have experienced high
logging intensity. Categories of fire frequency are represented by the number of fires
recorded since 1980. Graphs show means and standard errors.
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Figure 2.3 A: basal area of all trees DBH >15cm in dry sclerophyll forest (DSF) in
relation to fire frequency and logging intensity; Figure 2.3 B: basal area of all trees
DBH >15cm in wet sclerophyll forest (WSF) to logging intensity; Figure 2.3 C: basal
area of trees DBH >50cm to fire frequency and logging intensity in DSF; Figure 2.3 D:
Basal area of trees DBH >50cm to increased logging intensity in WSF. Categories of
logging intensity represent total volume of timber removal since 1960 (i.e. Unlogged,
3
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zero; Low logging, 1 to 40; High logging, > 40 m ha of timber removed). Black bars
represent unlogged forest sites, dark grey bars represent sites that have experienced
low logging intensity and light grey bars represent sites that have experienced high
logging intensity. Categories of fire frequency are represented by the number of fires
recorded since 1980. Graphs show means and standard errors.
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Hollow bearing trees and hollows
Both the density of HBTs and the density of hollows were significantly affected by
fire frequency and logging intensity but the nature of these effects varied among
forest types (Table 2.2). In DSF these measures of hollow density were significantly
affected by the interaction between fire frequency and logging intensity (Table 2.2).
Unlogged sites burnt at the highest frequency (i.e. 3 fires prior to 2001/2) had
significantly higher densities of HBTs than sites logged at low levels, irrespective of
fire frequency (Figure 2.4, Table 2.3). Therefore in unlogged plots there was a
positive trend in HBTs with increasing fire frequency while for logged sites the trend
was negative. A similar trend was evident for hollow density in DSF (Figure 2.4,
Table 2.2). For WSF, the density of HBTs was inversely related to logging intensity,
with highest levels of logging containing significantly lower densities of HBTs
compared with sites logged at low intensity. In turn, sites logged at low intensity had
significantly lower densities of HBTs than unlogged sites (Figure 2.4, Table 2.2). The
density of hollows in WSF also showed a significant inverse response to logging
intensity, while fire frequency had a significant positive effect on hollow density
(Figure 2.4, Table 2.2).
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Figure 2.4 A: response of hollow bearing trees (HBTs) to fire frequency and logging
intensity in dry sclerophyll forest (DSF); Figure 2.4 B: response of HBTs to fire
frequency and logging intensity in wet sclerophyll forest (WSF); Figure 2.4 C: response
of hollow abundance to fire frequency and logging intensity in DSF; Figure 2.4 D:
response of hollow abundance to logging intensity in WSF; E: response of hollow
abundance to fire frequency in WSF. Black bars represent unlogged forest sites, dark
grey bars represent sites that have experienced low logging intensity and light grey
bars represent sites that have experienced high logging intensity. Categories of
logging intensity represent total volume of timber removal since 1960 (i.e. Unlogged,
3

-1

zero; Low logging, 1 to 40; High logging, > 40 m ha of timber removed). Categories of
fire frequency are represented by the number of fires recorded since 1980. Graphs
show means and standard errors.
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Table 2.2: Results of two factor analyses of variance (ANOVA) of effects of fire
frequency ([ff]; 0, 1, 2 and 3 fires since 1980; where last fire burnt in 2001/2) and
logging intensity ([li]; High [H]; Low [L]; None [N]; representing volumes of recent
removal of timber) on forest stand attributes (% trees with basal injuries; diameter at
breast height [DBH]; stem density; total basal area of trees; basal area of large trees
[>50 cm]) and hollow abundance (density of hollow bearing trees [HBT]; density of
hollows) in wet sclerophyll [WSF] and dry sclerophyll [DSF] forest. Significant results
for main effects, interactions and post-hoc comparisons of means (Tukey’s Test) are
indicated (*p <0.05; **p <0.001; *** p <0.0001). For Tukey’s test letters and numbers on
separate lines indicate significant differences between variables.
Variable

Forest
Type

F
Ratio

ANOVA
ff

ANOVA
li

ANOVA
ff*li

Tukey’s
ff

Tukey’s
li

Basal
injury

DSF

[7,29]
=5.31

***

-

-

0
123

-

Tukey’s
interaction
-

WSF

[8,23]
=4.47
[6,62]
=17.3
8

***

-

-

-

-

-

**

-

0
123
-

N
L

-

[4,27]
=8.23

*

**

-

N
LH

-

-

-

N
L
N
L

-

DBH

DSF

WSF

Stem
Density

DSF

WSF
Basal
area all
stems

DSF

DSF

DSF

WSF
Hollow
density

-

-

**

-

-

-

***

*

-

0L

[6,22]
=4.06
[7,29]
=4.96

-

**

-

-

-

***

*

-

NL
H
N
L

0N
0L1L2L
3L1N3N

WSF
HBT
density

-

1L2L3L

WSF
Basal
area
stems
DBH
>0.5m

[8,23]
=2.49
[7,29]
=3.81

-

0
1
-

DSF

[8,22]
=3.12
[7,29]
=3.98

-

**

-

-

**

*

[6,23]
=4.27
[7,29]
=5.67

-

**

-

-

***

*

-

-

N
H
N
L

-

N
H
N
L

-

3N
1L2L3L

3N
1L2L3L

WSF

[8,23]
=4.17

*

**

-

1
2

N
H
L
H

-
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Discussion
The frequency of fire and intensity of logging were found to significantly affect forest
stand structure and hollow abundance in accordance with our hypotheses (Figures 2.2,
2.3, 2.4). There were, however, differences in the pattern of response between forest
types (WSF and DSF). Generally, increased intensity of logging decreased hollow and
hollow bearing tree densities in the manner we predicted (Figure 2.4). Fire frequency
however increased hollow and HBT densities in DSF, and hollows in WSF, contrary
to predictions (Figure 2.4).

The stand structural characteristics that underpin these trends in hollows (i.e. BA,
stem diameter at breast height and proportion of trees with basal injury) also exhibited
trends in relation to fire frequency and logging intensity that were consistent with
predictions. Thus, increasing intensity of logging was found to diminish the mean BA
and mean diameter of trees, while increasing fire frequency increased the proportion
of trees that contained basal injury (Figure 2.3). The net outcome of these processes
was a general tendency for highest abundance of hollows (i.e. density of HBTs and
hollows) in unlogged, frequently burnt sites (Figure 2.4).

The trends in hollow abundance within the frequently burnt sites, as a function of
logging intensity (Figure 2.4) are consistent with the hypothesis that logging removes
large HBTs and smaller trees that may be prone to injury. The net effect of these
disturbances on the balance between gains and losses of hollows was, however,
variable. Thus, intensively logged but frequently burnt DSF sites had the lowest levels
of HBT and hollow density, whereas unlogged but similarly burnt sites had the
highest abundance of hollows (Figure 2.4). As a result, DSF sites showed a
pronounced divergence in hollow abundance in response to logging and fire (i.e.
significant interaction between logging intensity and fire frequency Table 2.2, Figure
2.4) which indicates that logging intensity and fire frequency have roughly equal but
opposite effects on hollow abundance (Figure 2.4). By contrast, in WSF the negative
effect of increasing logging intensity on hollow abundance outweighed the positive
effect of increasing fire frequency (Figure 2.4). The contrast in relative strength of the
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fire frequency effect between DSF and WSF may, in part, reflect the consequences of
higher fire frequencies in DSF compared with WSF sites. This is supported by a
tendency for sites burnt at similar frequencies, with or without logging in both forest
types, to have similar abundances of hollows (Figure 2.4).

The species mix in DSF or other factors may predispose hollow abundance to be more
sensitive to the effects of fire frequency. For example, in DSF there are higher
proportions of Corymbia henryii, Eucalyptus biturbinata and Eucalyptus acmenoides
than in WSF. These species may have bark characteristics that make them more prone
to be predisposed to fire-related injury. Another possibility is that growth rates may be
slower in the drier and warmer sites occupied by DSF compared with WSF. This
could slow the transition of smaller trees to larger size classes. If so, this would have
the effect on the one hand of increasing the susceptibility of smaller trees to basal
injury from fire, but on the other hand render such trees vulnerable to collapse from
repeated fires, prior to hollow development. Slower growth rates may also predispose
injured trees to removal by logging before hollows become fully developed. These
hypotheses require further testing with appropriate observations or experiments.
Currently studies that measure rates of tree collapse as a result of fire in Australian
eucalypt forest are lacking and are mainly confined to dry forest types (e.g. Inions et
al.1989; Parnaby et al. 2010, Whitford and Williams 2001). Further examination of
this critical process in a wide range of forest types is required.

Overall, the results suggest that increasing fire frequency does not limit hollow
abundance and the possible availability of habitat for arboreal animals in these forests,
however the suitability for occupation of the fire produced hollows requires further
investigation. While fire frequency undoubtedly removes trees with existing hollows
or candidate trees which possess pre-existing injuries, such losses appear to be
outweighed by the overall creation of injuries. More fire causes more trees to be
injured (Figure 2.2). Provided that these trees remain (i.e. they are not removed
through logging, and they don’t fall over) then hollow abundance is be positively
related to fire frequency (Figure 2.4). Whether or not such fire-created hollows are
habitable by arboreal marsupials requires clarification. Trends in availability of
39

hollows in relation to fire therefore shown in this study may only be broadly
indicative.
The results indicate the importance of understanding and documenting the net
outcome of these complex processes across cycles of multiple fires. Existing studies
have largely concentrated on only one or two aspects of the processes governing
hollow loss or gain (i.e. injury) in response to single fires (e.g. Inions et al. 1989,
Gibbons 1999, Whitford and Williams 2001, Parnaby et al. 2010). While such
insights are valuable, they need to be understood in the context of a complete
demography of hollows, over time in response to multiple fires. This study, while
correlative, provides initial insights into the problem.

My results are consistent with other studies that show that logging is likely to cause a
net decline in hollow abundance (e.g. Gibbons et al. 2000b; Eyre et al. 2010). Overall,
increasing logging intensity may match or outweigh the positive effect of fire
frequency on hollow abundance in both forest types (Figure 2.4). The effects of
logging intensity on BA and DBH are consistent with the assumption that logging
removes both large tress (i.e. likely to be hollow bearing) and smaller candidate trees
(Figures 2.2, 2.3). Crucially my results suggest the changes to the frequency of fire
cannot overcome the deleterious effect of logging on hollow abundance. This has
important implications for management.

This study did not consider previous fire severity in influencing losses and gains to
the hollow resource. Variation in fire severity may influence the rate of basal injury
(contributing to tree collapse), branch destruction (hollow destruction) and/ or fire
induced branch/ trunk injury (hollow production). In particular, high intensity fires
may increase rates of these processes, though Parnaby et al. (2010) measured
substantial losses of hollow bearing eucalypts in a low intensity prescribed fire. Most
fires that affected our study sites were unplanned fires, though in many instances
these stem from prescribed fires set by local graziers (Binns, 1995). The intensity of
these fires is likely to be highly variable, as with most unplanned fires in Eucalypt
forests (Bradstock 2008, Bradstock et al. 2010) in response to variation in weather
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terrain and fuel variations, though it is likely that a subset of the fires that affected the
study sites were of high intensity. Thus the results may not reflect what would happen
if fires were either of consistently low or high intensity. Further work is required to
elucidate effects of fire intensity in conjunction with fire frequency to provide a more
complete understanding of the consequences of differing fire regimes for hollow
abundance. The scope for active use of fire to maintain an appropriate regime for
hollow formation may be constrained by this prospect.
My study has focussed on habitat availability (i.e. hollow abundance) for arboreal
mammals in relation to disturbance regimes. In these forests this includes common
species such Petauroides volans (Greater Glider; Eyre 2006) which is a major prey
species for threatened forest owl species (Kavanagh 1988) and Dasyurus maculatus
(Spotted-tail Quoll; Glen and Dickman 2006), as well as threatened species such as
Petaurus norfolcensis (Squirrel Glider; NSW Scientific Committee 2008) and
Petaurus australis (Yellow-bellied Glider; NSW National Parks and Wildlife Service
2003). While habitat availability will be crucial for these animals, disturbance regimes
will also have direct effects on these species through processes such as mortality and
alterations to breeding caused by fire. Other habitat effects, such as changes to
vegetation composition and structure as a result of differing disturbance regimes
(Tasker and Bradstock 2006, Penman et al. 2008, 2011) may influence populations of
these animals. Such effects need to be understood if sustainable management
strategies are to be developed.
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Chapter Three: Effects of fire frequency on basal injury and
hollows in sclerophyll forests of northern NSW, Australia.
Introduction
Tree hollows are semi enclosed cavities that form in a range of tree species (Gibbons
and Lindenmayer 2003, Ranius et al. 2009). Globally they are important for the
conservation of a range of species including owls (Akitani et al. 2011, Korpimaki
1993), woodpeckers (Mikusiński et al. 2001, Roberge et al. 2008) and large gliding
possums (Eyre 2006, Kavanagh 2004, Kavanagh et al. 2004). Tree hollows represent
a key habitat component due to their use by many species that are sensitive to
disturbance (Angelstam and Mikusiński 1994, Ranius 2007, Kavanagh 2004,
Kavanagh et al. 2004). Many animal species are obligate hollow users, so that their
occurrence in forests is directly determined by the presence of suitable hollow bearing
trees (Smith and Lindenmayer 1988, Pausas et al. 1995, Cunningham et al. 2004,
Eyre 2007).

Within Australian forests managed for timber production, hollow bearing trees
(HBTs) and trees with potential to form hollows are excluded from logging to some
degree, as specified through biodiversity conservation prescriptions (Anon 1999b).
Such measures are targeted at the conservation of hollow dependent fauna such as
large gliding possums and forest owls (Anon, 1999b).

Previous research in

‘resprouter’ eucalypt forest has indicated that current recruitment tree retention rates
are not adequate for maintaining hollow densities on logged sites (Chapter 2; Gibbons
et al. 2010). Knowledge of the best trees to retain as hollow recruits and propensity
for basal injury in relation to tree species and diameter at breast height is lacking.
Such knowledge would allow trees to be better targeted for retention in order to
maintain or increase densities of hollows suitable for use by arboreal fauna.

Hollow development in Australian sclerophyll forests, typically dominated by
Eucalyptus, Corymbia and Angophora species, is a very slow process, taking in
excess of 80 years for the development of small hollows (Koch et al. 2008), or in
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excess of 220 years for the formation of large hollows (Gibbons and Lindenmayer
2003). Due to this long development time it is important that factors that determine
the abundance of hollows are properly understood.-

Hollows rely on the decay of timber, in particular the decay of internal heartwood
(Gibbons and Lindenmayer 2003, Adkins 2006). Internal heartwood decays at a faster
rate than external sapwood, thus mechanisms are required that remove or injure the
external sapwood to allow the internal heartwood to be exposed (Gibbons and
Lindenmayer 2003). Previous research has suggested that wind may operate as a key
factor for generating branch shear (Harper et al. 2005), while fire has also been shown
to cause branch removal and injury to external heartwood (Inions et al. 1989).
However, there is limited knowledge of the mechanisms influencing hollow
development. Termites cause hollows to form in Amazonian rainforest trees
(Apolinario and Martius 2004) and also in Eucalyptus spp. in tropical savannas of
Northern Australia (Werner and Prior 2007). Fungi influence hollow development
through causing timber decay (Koch et al. 2008) and fungal serotypes of a range of
species have been located from within tree hollows in India and South America
(Nawange et al. 2006, Lazera et al. 1998); however their specific contribution to
hollow decay rates has not been quantified.

Fires have the potential to initiate hollow production in Australian sclerophyll forests,
dominated by species of Eucalyptus and other closely related genera (Whitford and
Williams 2002, Munks et al. 2007, Inions et al. 1989). As a result, hollow density in
sclerophyll forests could be positively related to fire frequency, though empirical
evidence is lacking (Adkins 2006, Koch et al. 2008). Fires may enhance the formation
of hollows by exposing internal, decayed heartwood (Gibbons and Lindenmayer
2003). Fires may also cause death of branches, resulting in accelerated decay of dry,
heartwood, thereby enhancing the formation of hollows. By contrast, fires also have
the potential to remove HBTs (Murphy and Legg 2007, Cameron 2007, Inions et al.
1989, Parnaby et al. 2010).
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Hollow development is not uniform among tree species (i.e. Eucalyptus spp.
Wormington et al. 2003, Eyre 2005). This response may vary among species of
Eucalyptus, Corymbia and Angophora, as a consequence of differing bark types,
varying timber durability, tree size and growth rates. Rough barked species of these
genera, in particular Stringybark species of Eucalyptus, have bark that may burn at
lower temperatures (Vines 1968), for a longer duration and be slower to cool post fire,
than smooth barked species (Vines 1968). This may predispose trees with rough bark
to heartwood injury which is then more suited to termite attack due to the dilution or
removal of natural inhibiting chemicals (Ruyooka 1978). Trees with rough bark may
also transfer fire into the canopy more effectively than trees with smooth bark (Gould
et al. 2007), causing death of smaller branches and therefore potential sites of hollow
formation once these branches are shed.

Tree size (i.e. diameter at breast height, DBH) may influence the development of tree
hollows in Eucalyptus species (Bennett et al. 1994, Koch et al. 2008, Gibbons and
Lindenmayer 2003, Lindenmayer et al. 2000b). DBH is a surrogate for tree age, with
larger trees usually being older than smaller ones (Wormington et al. 2003). Branches
on large trees may be bigger than on small trees, therefore providing greater potential
to form large hollows when injured. Tree basal injury is also a major precursor to tree
collapse in sclerophyll forests and loss of hollows. Knowledge of processes
contributing to tree basal injury and fire induced tree collapse is limited. Previous
work has suggested that pre-existing basal injury accounted for ~70% of collapsed
stems of E. marginata and Corymbia calophylla in southwest Western Australia
(Whitford and Williams 2001). Tree collapse has the potential to result in a net loss of
tree hollows in a forest stand, if the rate of production of new hollows is lower than
the rate of loss. Research is lacking on the effect of tree DBH, species and or forest
types on the occurrence of tree basal injury.

The aims of this study were to investigate the interaction between tree size (DBH) and
fire frequency on tree hollow abundance and the presence and extent of tree basal
injury in co-occurring sclerophyll tree species (i.e. Eucalyptus and Corymbia spp.).
Living as well as dead trees (i.e. stags) were considered.
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It was predicted that:
1. Tree basal injury will be positively correlated with DBH and fire frequency
2. The presence of tree basal injury will vary among species as a function of bark
type, with rough barked species being more likely to have basal injury than
smooth barked species, as a consequence of greater chance of ignition and
duration of burning of bark.
3. The presence of hollows will be positively related to tree DBH and fire
frequency.
4. The presence of hollows will vary among species as a function of bark type,
with rough barked species more likely to have hollows than smooth barked
species.

Methods
Study area
This study was located in the sclerophyll forests of the Dorrigo, Guy Fawkes and
Chaelundi plateaus, New South Wales, Australia, approximately ~500 km north of
Sydney (Figure 3.1). The climate of the study area is warm temperate, receiving
between 1100 and 1950 mm of rainfall per annum with an autumn maximum (Bureau
of Meteorology 2012a). The study was focussed on common, dominant tree species in
the widespread complex of dry and wet sclerophyll forest types found in this region
(Table 3.1).
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Figure 3.1: Location of sites used in this study
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Large tracts of the study area were completely burnt in 1994 and also in 2000, 2001
and 2002 by large (sometimes >50,000 ha) high intensity fires burning under Severe
and Extreme fire dangers. Each year smaller fires (<1,000 ha) usually occur in the
study area, usually under conditions of High to Very High fire danger. The area of the
study area that has remained completely unburnt since fire records were first recorded
is relatively small at approximately 10% of the study area.

Site selection
Sites were stratified across a fire frequency gradient containing areas with: 1) a
regime of very infrequent fire (no fire record); 2) infrequent fire (1 fire since 1980); 3)
frequent fire (2 fires since 1980), and; 4) very frequent fire (3 fires since 1980). Fire
histories, usually for wildfires only, were reliable from 1980-present, but only
included the perimeter of the fire and no data were available for fire severity or
patchiness. The category of highest frequency occurred exclusively within dry
sclerophyll forest. Time since fire was standardised by only sampling areas burnt in
2000-2002 (8-10 years prior to sampling) within treatments that had received at least
one fire. Within the no fire treatment, the time since last fire was unknown, however
anecdotal evidence (through discussion with local Forests NSW staff) indicated that
some areas burnt in the late 1960s. Only sites that had no record of logging were
included in this study. This removed the influence of logging which targets specific
types of trees and causes additional injury to the base of trees during snigging and
post-harvest slash burning’ operations. Sites that were located adjacent to, or within,
grazing leases were not sampled.

Forest structure and hollow abundance sampling
A 500 m x 100 m quadrat bisected by a vehicular trail was established at least 100m
from the nearest fire frequency boundary. The quadrat was divided longitudinally
down the centre by a fire trail and at the 0, 100, 200, 300 and 400 metre points and on
both sides of the quadrat a 50 m transect was established perpendicular to the trail.
Within each transect, trees were sampled five metres either side of the transect,
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providing an overall sampling area of 0.5 ha. To account for the cleared area in the
centre of the trail, sampling commenced at the natural forest understorey. The number
of sites sampled per fire frequency category varied (Table 3.2). Average DBH, stand
basal area and stem density were calculated along all transects for trees with a
diameter at breast height greater than 15 cm. The presence of tree basal injury was
determined by examining the base of each tree. The density of hollows and HBTs was
calculated by examining every tree with a pair of binoculars. Only hollows at least 2
cm deep (i.e. a visual cavity) were counted.

Data analysis
A Generalised Linear Modelling approach (GLM) was used to investigate effects of
fire frequency (categorical or continuous variable), attributes of trees (i.e. species,
bark type, DBH; categorical and continuous variables respectively) and forest type
(DSF, WSF, categorical variable) on basal injury and hollow abundance, with a
normal distribution being assumed. Analyses were completed using R version 2.1. (R
Core Development Team 2011). Initially, effects for individual species were explored
for those species restricted to either forest type (Table 3.1). Effects of forest type were
then explored for those species which occurred in both (Table 3.1). A further analysis
including species and forest types as predictors was then done.
A GLM was chosen over a Generalised Linear Mixed Model (GLMM) as it was
considered that each tree was independent from one another, in terms of injury and
hollow formation in response to fire. This is justifiable because the fuel characteristics
such as bark and leaves that accumulate beneath trees and influence fire around each
tree are mainly a function of each individual, rather than neighbours.
Effects of fire frequency were explored using the number of fires as either a
categorical or continuous variable. Both DBH and DBH2 were used as predictors of
effect of tree size. DBH2 was used to determine whether hollows and basal injury
responded in a non-linear way to tree size. Fire frequency was considered as both a
continuous and categorical variable.
Alternative models representing various combinations of predictor variables,
including all two-way interactions were considered. A preferred model was selected
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using AIC. The most parsimonious model (i.e. the model with the lowest AIC value
and the least number of variables) was selected to predict hollow abundance or basal
injury, though alternative models with close AIC values were also considered (Tables
3.3, 3.4), in accordance with the method described by Burnham and Anderson (2002).
A pseudo-r2 measure based on log-likelihood (Magee 1990) was used to assess the
overall goodness of fit of each model presented
Table 3.1: Species included in this study, summarising their bark type, general ecology
and preferred forest type (Dry sclerophyll forest= DSF, wet sclerophyll forest= WSF).
Species name

Bark type

Ecology and preferred forest type
(Forest type after Baur 1989)
Dominant large tree of DSF. Sampling
occurred in forest type 74.

Corymbia
henryii

Smooth

Eucalyptus
biturbinata

Smooth

Dominant medium- large sized tree of DSF.
Sampling occurred in forest type 74.

Eucalyptus
acmenoides

Stringybark

Dominant smaller tree of DSF. Sampling
occurred in forest type 74.

Eucalyptus
campanulata

Stringybark with
smooth upper
branches

Dominant large tree of WSF. Sampling
occurred in forest type 163.

Eucalyptus
siderophloia

Ironbark

Less common medium sized tree of DSF.
Sampling occurred in forest type 74.

Eucalyptus
microcorys

Stringybark

Eucalyptus
saligna

Smooth bark with
stocking at base for
1-5 metres

Large tree, found in both WSF and DSF.
Sampling occurred in both forest type 74
and 163.
Found in WSF and often as an emergent
tree in rainforest. Sampling occurred in
forest type 163.

Eucalyptus
Eugenoides

Stringybark

Large tree found in both DSF and WSF.
Sampling occurred in both forest type 74
and 163.

Stag

Dead tree; bark
eventually drops off
as tree decays

Found in both DSF and WSF, of varying
sizes. Sampling occurred in both forest type
74 and 163.
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Table 3.2: The number of sites sampled in each fire frequency category, where very
infrequent fire= no fires recorded since 1980, infrequent fire= 1 fire since 1980, frequent
fire= 2 fires since 1980 and very frequent fire= 3 fires since 1980, DSF= dry sclerophyll
forest, WSF= wet sclerophyll forest.
Fire frequency

Number of DSF sites

Number of WSF sites

Very infrequent fire

2

5

Infrequent fire

4

1

Frequent fire

3

4

Very frequent fire

6

0

Results
Basal injury
The probability of basal injury was generally predicted to be a significant non-linear
function of DBH for the preferred models, in all species except stags, where basal
injury was unrelated to DBH (Figure 3.2a, b; Table 3.3). The overall goodness of fit
of the preferred models was low (based on pseudo r2 values, predominantly in the
0.05 to 0.1 range, Table 3.3).

The preferred model predicted that the probability of basal injury was a significant
positive function of the number of fires in E. microcorys and C. henryii (Figure 3.2a,
b; Table 3.3). A significant interaction between number of fires and DBH occurred in
E. campanulata (Figure 3.2a, b; Table 3.3), while DBH had a significant positive
effect on the probability of basal injury in E. saligna and E. siderophloia (Figure 3.2a;
Table 3.3).. In both E. campanulata and E. saligna, a higher probability of basal
injury occurred in DSF, compared to WSF (Figure 3.2b, Table 3.3).

In E. biturbinata and E. eugenoides, only DBH was included in the preferred model
(i.e. no fire frequency effect was observed; Figure 3.2a, b; Table 3.3). In E.
biturbinata, the preferred model predicted that basal injury would be present only at
an intermediate DBH (Figure 3.2a, Table 3.3). This result may have been due to a low
sample size of trees having a DBH of between 80-120cm (n= 13), with no trees being
larger than 120cm. In stags, no correlation between DBH and basal injury occurred,
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however an interaction between fire frequency and forest type occurred (Table 3.3).
Basal injury within stags was correlated to fire frequency, however this peaked within
the mid fire frequency (i.e. 2 fires), then declined with subsequent (i.e. 3) fires (Table
3.3). Stags that occurred in DSF also had a higher probability of basal injury than
those occurring in WSF (Table 3.3).

Preferred models for the prediction of the likelihood of basal injury on the basis of
forest and bark types included DBH and number of fires as significant predictors
(Figure 3.3; Table 3.3). For DSF there was a significant interaction in the preferred
model between species and number of fires (Figure 3.3, Table 3.3). One or more fires
significantly increased the predicted probability of basal injury in all species
compared with unburnt samples (Figure 3.3, Table 3.3). Basal injury in C. henryii
tended to be lower, for a given DBH, than in the other species and this response was
more marked in the absence of fire in this species, with E. siderophloia exhibited a
similar trend in unburnt forest, but having higher levels of basal injury when subjected
to one or more fires (Figure 3.3, Table 3.3). Higher levels of basal injury occurred in
E. biturbinata and E. acmenoides (Figure 3.3, Table 3.4). A significant interaction
between fire and DBH was also included in the preferred model for WSF (Figure 3.3,
Table 3.3). One or more fires significantly increased the probability of basal injury in
all species compared with unburnt samples (Figure 3.3, Table 3.3). Typically E.
saligna had a less basal injury than both E. microcorys and E. campanulata, which
each had a similar level of basal injury (Figure 3.3, Table 3.3).

The probability of basal injury was significantly affected by bark type in interaction
with forest type and the number of fires (i.e. paired 2 way interactions, Figure 3.3,
Table 3.3). Smooth barked species were predicted to have a lower probability of basal
injury at intermediate to large trees sizes when unburnt, however in DSF the
probability of basal injury was higher than within WSF (Figure 3.3, Table 3.3). By
contrast, when burnt by multiple fires, smaller trees were more likely to contain basal
injury (Figure 3.3, Table 3.3). Corymbia henryii and E. siderophloia were the species
least likely to contain basal injury, while E. acmenoides was the species most likely to
contain basal injury (Figure 3.3, Table 3.3).
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Table 3.3: Preferred and alternative generalised linear models with regard to the
prediction of basal injury in sclerophyll forest. Where: dbh is diameter at breast height,
dbh2 is diameter at breast height squared, ff is fire frequency as a continuous variable,
fff is fire frequency as a categorical variable, WSF is wet sclerophyll forest, species is
tree species, df is degrees of freedom from the model. WSF species are E.
campanulata, E. saligna, E. microcorys, E. eugenoides. DSF species are C. henryi, E.
biturbinata, E. acmenoides, E. siderophloia. Significant effects are indicated as *** for
P=<0.001, ** P=<0.01 and * P=<0.05.

Variable

Model

pseudo2
r

Alternatives

Total
deviance

Null
deviance

P value
of
preferred
model

dbh2 – dbh + ff +

11.15

297.74
(589 df)

<0.005

9.05

110.53
(169 df)

<0.005

Species found only within DSF
C. henryii

dbh + ff
*
**

0.024

dbh*ff;

E biturbinata

E.
acmenoides*

dbh –
dbh2
*

No
model

0.051

dbh + fff
*
*
dbh – dbh2 + ff –
dbh*ff;

0

dbh + ff;
*
dbh + ff – dbh*ff;
*
dbh;
*
dbh + ff;

N/A

<0.001

dbh + ff – dbh*ff
E.
siderophloia*

dbh + fff
*

0.087

dbh + fff + dbh*fff

12.67

101.468
(169 df)

<0.005
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Table 3.3 continued.
Species found in both DSF and WSF
E. saligna

dbh + fff –
*
WSF

0.099

dbh + ff – WSF +
*
ff*WSF;

12

67.398
(111 df)

<0.01

29.86

210.89
(265 df)

<0.05

76.54

382.55
(546 df)

<0.00
5

7.13

197.93
(246 df)

<0.05

21.21

204.71
(183 df)

<0.00
1

119.7

1431.4
(1822
df)

<0.00
1

124.9

1625.4
(2068
df)

<0.00
1

57.54

662.71
(924 df)

<0.00
1

86.22

886.85
(1240
df)

<0.00
1

dbh2 - dbh + fff –
WSF;
dbh + ff – WSF +
ff*WSF + dbh*WSF;
E. microcorys

E. campanulata

E. euginoides*

Stags

dbh2 – dbh
**
**
+ fff
*
dbh + fff –
***
*
WSF +
***
dbh*fff
*
dbh
*

0.087

fff – WSF
**
**

0.109

-dbh + fff – WSF +
dbh*fff

0.131

dbh2 + dbh + fff –
WSF + dbh*fff
***

0.033

dbh + ff – dbh*ff;
*
dbh + ff; dbh + fff;
*
*
dbh + fff + dbh*fff

Groups of taxa based on:
Species

Bark type

WSF species

DSF species

dbh2 – dbh
***
+ fff +
***
Species
***
dbh2 – dbh
*
+ fff + bark
*** ***
+ species
***
dbh2 – dbh
**
+ fff +
***
species
dbh + fff +
species +
***
dbh*fff

0.057

dbh + fff + species

0.097

0.060

0.067

dbh2 – dbh + fff +
**
***
species + fff*species
*
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Figure 3.2a: the likelihood of basal injury in different dry sclerophyll Eucalyptus
species as a function of tree size, number of fires and forest type. Figures include
Corymbia henryii, Eucalyptus biturbinata and Eucalyptus siderophloia.
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Figure 3.2b: the likelihood of basal injury in different wet sclerophyll Eucalyptus
species and species that occur in both wet and dry sclerophyll as a function of tree
size, number of fires and forest type. Figures include Eucalyptus eugenoides,
Eucalyptus campanulata, Eucalyptus microcorys and Eucalyptus saligna.
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Figure 3.3: The likelihood of basal injury in relation to diameter at breast height (dbh),
number of fires, different species and forest type for common dry sclerophyll forest
(DSF) species, common wet sclerophyll forest (WSF) species and bark type (smooth,
stringy, iron bark).

56

Hollows
Probability of hollow occurrence was generally predicted to be a significant positive
non-linear function of DBH in all species, except E. acmenoides, based on the
preferred models (Figure 3.4a, b; Table 3.4). In general, a predicted threshold for
presence of hollows was evident (i.e. hollows were only likely when trees were > 50
cm DBH, Figure 3.4a, b). Overall goodness of fit of the preferred models was low to
moderate (i.e. pseudo r2 values mostly in the 0.2 to 0.4 range, Table 3.4).

In Corymbia henryii, Eucalyptus biturbinata, E. siderophloia, E. eugenoides and E.
campanulata, the preferred model also predicted that probability of hollow occurrence
was a positive function of the number of fires (Figure 3.4a, b; Table 3.4).

A

significant interaction between number of fires and DBH occurred in C. henryi, E,
eugenoides and E. biturbinata. In E. campanulata a further significant interaction
with forest type was included. For C. henryii the number of fires positively affected
the probability of hollows in larger trees, whereas in E. biturbinata this effect of fire
was concentrated in smaller trees (Figure 3.4a). In E. eugenoides, multiple fires (i.e.
3) markedly increased the predicted probability of hollows in small trees relative to
lower occurrences of fire but decreased the probability of hollows in larger trees (i.e.
the threshold effect of DBH was removed; Figure 3.4b; Table 3.4). In E.
campanulata, trees that occurred in DSF contained hollows at a smaller DBH than
those occurring in WSF (Figure 3.4b).

In E. saligna, E. microcorys and E. acmenoides, only DBH was included in the
preferred model (i.e. no fire frequency effect; Figure 3.4a, b; Table 3.4). In E.
acmenoides, the preferred model predicted that hollow would be present only at
intermediate DBH (Figure 3.4a, Table 3.4) This result may have been due to a low
sample size of trees having a DBH of between 80-100cm (n= 4), with no trees being
larger than 100cm.

The preferred model for stags also predicted that hollows would only be present at
intermediate levels of DBH, but also included a significant interaction between
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number of fires and effect of forest type (Table 3.4). It was predicted that a stag was
more likely to have a hollow if it had been burnt once, compared to stags on long
unburnt sites, but was less likely to be hollow bearing if a stag was burnt twice (Table
3.4). Stags in DSF were predicted to be more likely to contain hollows than those in
WSF (Table 3.4). Preferred models for prediction of the likelihood of hollows on the
basis of forest and bark types included tree size (DBH) and number of fires as
significant predictors (Figure 3.5; Table 3.4). For DSF there was a significant
interaction in the preferred model between species and number of fires (Figure 3.5,
Table 3.4). Multiple (i.e. 3) fires significantly increased the predicted probability of
hollows in all species compared with unburnt samples. Hollow formation in C. henryii
tended to be lower, for a given DBH, than in the other species and this response was
more marked in the absence of fire in this species. E. siderophloia exhibited a similar
trend (Figure 3.5). A significant interaction between fire and DBH was also included
in the preferred model for WSF (Figure 3.5, Table 3.4). Probability of hollows in
larger trees increased as a positive function of number of fires (Figure 3.5, Table 3.4).
The probability of hollows was significantly affected by bark type in interaction with
forest type and number of fires (i.e. paired 2 way interactions, Figure 3.5, Table 3.4).
Smooth barked species were predicted to have lower probability of hollows at
intermediate to large trees sizes when unburnt. This pattern also applied to
stringybarks in WSF compared to DSF when unburnt. By contrast, when burnt by
multiple fires, smaller trees were more likely to have hollows and responses of
smooth barked trees in both forest types were intermediate to those of stringybarks
(Figure 3.5, Table 3.4).
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Table 3.4: Preferred and alternative generalised linear models with regard to the
prediction of tree hollows in sclerophyll forest. Where: dbh is diameter at breast
height, dbh2 is diameter at breast height squared, ff is fire frequency as a continuous
variable, fff is fire frequency as a categorical variable, WSF is wet sclerophyll forest,
species is tree species. WSF species are E. campanulata, E. saligna, E. microcorys, E.
eugenoides. DSF species are C. henryi, E. biturbinata, E. acmenoides, E. siderophloia.
Significant effects are indicated as *** for P=<0.001, ** P=<0.01 and * P=<0.05.
Variable

Preferred
Model

pseudor2

Alternative models

Total
deviance

Null
deviance

P value
of
preferred
model

Species found exclusively within one forest type
0.197

dbh + ff
***
***

129.17

433.77
(589 df)

<0.001

0.420

187.827
(169 df)

<0.001

127.79

299.24
(310 df)

<0.001

E.
siderophloia

dbh + ff
**

0.199

dbh – dbh2 + ff –
dbh*ff
*
*
dbh – dbh2 + ff –
dbh*ff
***
***
dbh + ff – dbh*ff
**
dbh – dbh2 + ff –
dbh*ff

92.6

E.
acmenoides

dbh – ff +
dbh*ff
***
dbh + ff –
dbh*ff
*
dbh – dbh2
***
***

37.73

138.41
(169 df)

<0.001

62.89

113.734
(111 df)

<0.001

114.52

248.09
(265 df)
640.68
(546 df)

<0.001

77.79

157.493
(246 df)

<0.001

56.4

250.16
(183 df)

<0.001

C. henryii

E. biturbinata

0.341

dbh + fff
***
**
Species found in both forest types
E. saligna

dbh
***

0.429

E.
microcorys
E.
campanulata

dbh
***
dbh – ff +
dbh*ff
***
*
– WSF –
WSF*ff
dbh + ff –
dbh*ff
*

0.345

E.
euginoides

Stags

dbh – dbh2
+ fff
***
**
–WSF +
WSF*fff

0.347

0.261

0.264

dbh + ff
***
dbh + ff – dbh*ff
**
dbh – dbh2
**
dbh – ff + dbh*ff –
WSF
***
***
dbh – WSF
***
***
dbh + ff - dbh*ff –
WSF
*
+ WSF*ff
dbh + fff + dbh*fff
*
dbh – dbh2
***
**
dbh – dbh2 – WSF
***
*

232.99

<0.001
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Table 3.4 continued.
Groups of taxa based on:
Species
Bark type

WSF
species

DSF species

dbh – dbh2 + fff
***
***
dbh – dbh2 + ff
+
***
*
***
Stringy + WSF –
***
Stringy*ff –
**
Stringy*WSF
*
dbh – ff + dbh*ff
***

0.320

dbh – dbh2 + fff – WSF
***
*
*** **

0.353

dbh + ff
***
dbh

dbh – dbh2 + ff
+
***
***
***
species +
***
species*ff

0.265

dbh – dbh2 + ff +
***
***
***
species
***
dbh – dbh2 + ff +
***
***
species – dbh*ff +
***
species*ff

0.297

704

1828
(1822 df)
2008
(2068 df)

<0.001

403.11

1012
(924 df)

<0.001

382.58

1076
(1240 df)

<0.001

729.2

<0.001
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Figure 3.4a: The likelihood of hollows in dry sclerophyll forest Eucalyptus species as a
function of tree size, number of fires and forest type. Species include Corymbia
henryii, Eucalyptus biturbinata, Eucalyptus siderophloia and Eucalyptus acmenoides.
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Figure 3.4b: The likelihood of hollows in wet sclerophyll forest Eucalyptus species and
species that occur in both dry and wet sclerophyll forest as a function of tree size,
number of fires and forest type. Species include Eucalyptus eugenoides, Eucalyptus
campanulata, Eucalyptus saligna and Eucalyptus microcorys.
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Figure 3.5: The likelihood of hollows in relation to diameter at breast height (dbh),
number of fires, different species and forest type for common dry sclerophyll forest
(DSF) species, common wet sclerophyll forest (WSF) species and bark type (smooth,
stringy, ironbark).
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Discussion
The results of this study suggest that fire in east coast sclerophyll forests is a positive
influence on the presence of hollows, as predicted. Both hollow abundance and basal
injury in five out of the eight study species were positively related to fire frequency.
The results also supported the prediction that hollows and basal injury were positively
related to tree size (i.e. DBH). Support for the prediction that rough bark species
would have greater levels of basal injury and numbers of hollows was equivocal.
Overall the results are consistent with the inference that negative effects of tree loss
from fire on hollow abundance, via basal injury, is outweighed by direct positive
effects of fire-caused injury on hollow formation. The positive interaction between
frequency of fire, basal injury and hollows suggests that opportunities for mechanisms
that create hollows are provided by injuries. Such injuries create sites for fungal attack
or termite invasion, which lead to toward hollow formation (Koch et al. 2008,
Apolinario and Martius 2004).

Effects of tree size, species and bark type
Larger trees were more likely to have basal injuries and to contain hollows, as found
in previous studies in other forest types (Gibbons and Lindenmayer 2003, Remm and
Lohmus 2011, Wormington et al. 2003).

A variety of mechanisms may account for this trend. Larger trees may be older and
thus more likely to have been burnt by multiple fires. In the study sites this may
include a higher probability of being burnt by fires beyond the limits of records for
the study area (i.e. prior to 1980). Size and age may also affect probability of
exposure to other disturbances that produce hollows (branch shear, termites, fire;
Harper et al. 2005, Apolinario and Martius 2004, Inions et al. 1989) for a longer
period of time than smaller trees. Large trees may be more likely to contain hollows
because their branches are larger and therefore have greater potential to form hollows
following shear or injury than small branches. Branch shear allows the exposure of
internal heartwood, which often decays at a faster rate than that of external sapwood
and also allows for an entry point for termite and fungal attack (Gibbons and
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Lindenmayer 2003), potentially assisting in the formation of both trunk and branch
hollows.
For some species that occurred in both DSF and WSF, differences occurred in the
likelihood of injury between forest types. This may be a symptom of a slower growth
rate in DSF compared to WSF (Kariuki et al. 2006), or due to differences in fire
behaviour between the forest types, for example higher fuel loads (in particular
elevated fuels) occur in WSF forest types compared to DSF (Raison et al. 1983).

The likelihood of a tree containing basal injury was positively correlated with fire
frequency for all species, except E. biturbinata and E. eugenoides. Fire may cause
basal injury through removal of bark and for facilitating access for termites to internal
heartwood that can increase the level of basal injury after fire, through removing
additional timber. High temperatures during fires have also been shown to reduce the
resistance of Eucalypt timber to termite attack, thus the heating that occurs in a fire
may result in a short term decrease in termite resistance within branches and
potentially other parts of the tree (Ruyooka, 1978). This may allow for an increased
level of termite attack post fire, leading to increased development of hollows in the
branches and the trunk of a tree.

The majority of the hollows observed in this study occurred in tree branches (McLean
unpublished data). Branch shear, which can occur during and immediately after fires,
has been suggested as a key factor in influencing hollow recruitment in Eucalypt
forests (Harper et al. 2005). If a higher rate of branch shear occurs during and
immediately after fire, as a result of the death of branches, then more hollows may be
potentially produced in forests that are burnt frequently.

Differences in the probability of hollow formation among species and bark types may
have occurred due to differences in the flammability of bark and its thermal properties
(Vines 1968, Gill and Ashton 1968) and resultant differences in heat penetration to
the cambium (Vines 1968, Gill and Ashton 1968, Bennett 1992). Previous
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experimental studies have found that higher temperatures at the cambium are more
likely to occur in smooth barked eucalypts, due to inferior insulating properties of the
bark, compared with rough barked species (Vines 1968, Gill and Ashton 1968,
Bennett 1992). Such work however, was done on species not examined in this study,
therefore further validation of these results for the study species is required.

Management implications
In areas that are currently lacking hollows, due to removal of trees by previous
logging regimes where hollow bearing trees were not previously retained in high
numbers, a regime of relatively frequent (5-10 year), moderate intensity prescribed
fire may assist in the future recruitment of hollows. Many of these areas are now
managed for conservation within the National Park estate, however due to the slow
recruitment time for hollows (in excess of 100 years; Wormington et al. 2003,
Gibbons and Lindenmayer 2003), these areas may remain devoid of hollows and
subsequently associated hollow dependent fauna for some time.

In these areas, isolated hollow bearing trees often occur, which were sometimes
retained as ‘seed trees’ to aid seedling recruitment after logging. Sometimes they exist
as stags, as a consequence of extensive ringbarking, with a large size and age
difference compared to remaining tree size classes. In this case a regime of relatively
frequent fire may result in an initial loss of hollows. Therefore any planned burning
regimes intended to promote hollow formation may need to be carefully targeted to
suit the characteristics of stands on a case-by case basis. Careful initial surveys of
stand characteristics, prior to the initiation of burning programs, and subsequent
monitoring will be required as consequence to minimise any potential loss of hollows
in the short-medium term.

Further research is required to determine if an increase in hollow density translates to
hollows that are more suitable for occupation by hollow dependent fauna. This study
has only estimated if trees were hollow bearing from ground-level observations, thus
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a study that investigates the use of hollows in burnt forest by hollow dependent fauna
is required.
While a regime of relatively frequent fire may potentially increase the habitat
suitability to hollow dependent fauna, other factors relating to an increased fire
frequency may increase the likelihood of declines of fauna populations (i.e. the habitat
will occur but will not be occupied). These include direct animal mortality from fires
(Lunney 1987), increased predation post fire (Russell et al. 2003) and the removal of
other important habitat components such as mesic shrubs that are sensitive to a regime
of frequent fire (Tasker and Bradstock 2006). Within the study area the main group of
fauna that utilise hollows are large gliding possums, however in Chapter 5 I show that
significantly less Petaurus australis (Yellow-bellied Glider) and Petauroides volans
(Greater Glider) were recorded on sites that burnt with a wildfire 10 years prior to
sampling than on sites that had no record of wildfire. This suggests that caution
should be taken if adopting a policy of moderate to high intensity prescribed fire for
increasing hollows within Eucalyptus forest managed for biodiversity conservation.
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Chapter Four: Changes in forest habitat attributes following
a single fire in sclerophyll forest
Introduction
Fires can alter the attributes of animal habitats in Australian forests through changes
to the understorey (Tasker and Bradstock 2006), collapse of trees including those
containing hollows (Inions et al. 1989, Parnaby et al. 2010, Cameron 2007, Murphy
and Legg 2007), and consumption of logs (Grigg and Steele 2011, Hollis et al. 2011a,
2011b). These processes are a natural element of the dynamics of fire-prone
Australian forests. However, the nature of these processes and the way they are
influenced by differing fire regimes is poorly understood. The effect of each process
may vary in relation to the habitat type, the intensity of fires and the habitat feature in
question. As a result, some species of animals may potentially benefit from certain
alterations while others may be disadvantaged (Bradstock et al. 2002, Friend 1993,
Fisher and Wilkinson 2005).

Sclerophyll forests dominated by species of the Eucalyptus and closely related genera
of the Myrtaceae, including Angophora and Corymbia, are able to recover from losses
of crown foliage caused by fire via epicormic shoots distributed along larger stems
(Gill 1997, Burrows 2002). This mechanism of resprouting allows stems to persist
through multiple fires and for overstorey foliage and cover to return to pre-fire levels
relatively quickly. Nonetheless there can be attrition of stems, either through death of
the entire individual or through partial or total death of above-ground parts (i.e. death
of stems and branches but survival of lignotubers; Noble 1984, Bowman and
Kirkpatrick 1986). In both cases, heat related injuries (i.e. fire scarring) may play a
key role in promoting mortality (Whitford and Williams 2001).

Variation may occur among species in relation to the susceptibility of trees to basal
injury or collapse. This may occur through differences in bark type and thickness,
(Vines 1968). Variation in rates of collapse or basal injury may also occur as a
consequence of differences in fire intensity and residence time, but knowledge of the
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effect of variation in fire intensity/ severity and its contribution towards tree basal
injury and collapse is limited.

Logs are an important habitat component of the forest floor and have been suggested
as a key habitat component (Lindenmayer et al. 1999b; Collins et al. 2012). A number
of fauna species utilise logs for shelter, including small mammals (Dickman and
Steeves 2004). Fires have the potential to remove (Grigg and Steele 2011, Hollis et al.
2011a, 2011b, et al. 2010) or add logs to the forest floor as a result of tree collapse
(Parnaby et al. 2010, Whitford and Williams 2001) and branch shear from large
branches or from logging operations that retain slash or result in tree collapse post
logging (Gibbons et al. 2000b). Very high rates of log consumption (e.g. 31-100%)
may occur during fires (Grigg and Steele 2011, Hollis et al. 2011a, 2011b), or fires
may accelerate the decay rate of logs post-fire due to internal injury and hollowing
(Collins et al. 2012). Fires may also make logs more suitable for occupation by small
mammalian fauna due to the production of cavities (Dickman and Steeves 2004);
however the range of frequency of fires that will maintain a high density of logs has
not been quantified.

The aim of this study was to examine the effect of individual fires on tree basal injury,
tree collapse and log consumption, in order to predict broader consequences of
differing fire regimes. I predicted that:
1. A tree is more likely to be lost if it, is small or is burnt by a high intensity fire;
2. An increase in the overall occurrence of basal injury will occur post fire;
3. A log is more likely to be consumed if it is small and/ or is burnt by a high
intensity fire.

Methods
Study area
This study occurred within three dry sclerophyll forest types (Keith 2006) situated in
northeastern New South Wales, Australia (Figure 4.1). Sites were located along the
mid north coast of New South Wales in various areas within National Parks scheduled
for prescribed burning for fuel reduction purposes (Figure 4.1). Four locations
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consisting of north coast wet sclerophyll forest and one location of tableland WSF
were selected. Four of the five locations were burnt by prescribed fires between July
and September 2009 under varying fire intensities, ranging in flame heights of less
than 1 m to up to 10 m where canopy scorch occurred (Table 4.1). All sites had
experienced varying intensities of logging prior to establishment as conservation
reserves. Fire regimes varied among the sites (Table 4.1). These forest types are
relatively productive as they receive ~1000-1500 mm of rainfall per year (Bureau of
Meteorology 2012b).

In a separate study (see Chapter 2) forest stand structure and level of tree basal injury
had been recorded on a number of sites on the Chaelundi plateau, with sampling
occurring in early 2009. This study had established transects (100m x 50m) that could
be resurveyed (i.e. locations recorded with a global positioning system (GPS)). In
September and October 2009 two large (2000 ha and 15000 ha) wildfires occurred
that burnt a number of the previously surveyed sites. These sites were resurveyed in
January 2010 to record the number of trees that had collapsed post fire and determine
differences in the extent of basal injury before and after fire.

Effect of fire on tree basal injury, tree collapse and log consumption
Transects (50 x 10m) were established within the area targeted for prescribed burning
and in an adjoining control (i.e. not to be burnt) areas, with the number of transects
varying among sites (Table 4.1). Sampling occurred between May and August 2009.
Tree diameter at breast height (DBH), canopy height, species, existing basal injury,
was recorded for all trees within each transect. To record changes in the density of
logs, additional 33x 33m (~1100m2) quadrats were established in both areas targeted
for treatment and in adjacent areas not intended for burning. The number of quadrats
varied for each fire and is summarised in Table 4.1. These were located in the vicinity
of the transects but did not pass over the transects. Log length, log maximum diameter
and degree of decay were recorded in both the treatment and the control quadrats. The
location of corners of all quadrats were recorded with a handheld GPS (accuracy
>5m). After the prescribed fires, all transects and quadrats were relocated with
handheld GPS and re-surveyed in November and December 2009. In the transects
this provided estimates of the number of trees that had collapsed and new basal
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injuries, while for the quadrats changes in log abundance were estimated for differing
sizes of logs. Basal injury is defined as a breach in the bark covering of the timber of
the tree, where subsequent damage to the timber has occurred. Thus, basal injury can
range in extent from minor through to severe (where large butt hollows occur). Basal
injury was measured as the presence of a breach in the bark where damage had
occurred to the timber of the tree. On the Bago Bluff, Myall Lakes and Medowie sites,
wildfires burnt two, one and two control transects, respectively, in spring 2009 prior
to the re-survey. These transects were then re-surveyed post fire using the same
methods described above.

On the Chaelundi Plateau, four sites in varied forest types (Table 1) were re-surveyed
in January after the spring 2009 wildfires (Table 1). Because some sites were partially
burnt, the sampling effort was varied (Table 4.1). Each transect surveyed in early
2009 (50 x 10m) was re-located using a handheld GPS (accuracy >5m). The species,
DBH and height and extent of basal injury was recorded for all trees with a DBH
>15cm. Similar data had been collected for each transect in the earlier pre-fire survey.
The number of trees that had collapsed post-fire was also recorded. To determine if a
tree had collapsed as a result of the fire, the base of the tree was examined to
determine if unweathered timber was present (i.e. the collapse was recent) and also if
small (<20mm) upper branches were still present. Two sites that had not been burnt
were also resurveyed (Table 4.1) to determine the degree of change in forest stand
structure and tree collapse that may have occurred in the absence of fire.

Fire intensity in all sites was estimated through liaison with staff from the NSW
NPWS and Forests NSW (for Chaelundi and Bago Bluff wildfires only) who had been
involved in the prescribed fires or control of the wildfires. An indicative classification
was developed, based on height of consumption and scorch (Cheney 1981; Bradstock
et al. 2010). This specified several levels of contrasting intensity: 1) low intensity
where the height of char on shrubs was < 1m (i.e. assumed flame height < 1 m); 2)
moderate intensity where the height of char on shrubs was between 1-3m (i.e.
assumed flame height 1-3 m), and; 3) high intensity where the height of char on
shrubs was > 3m (i.e. assumed flame height > 3m). The latter category included sites
where partial scorch and consumption of tree crowns was evident.
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Statistical analysis
Because the collapse of trees was low, analyses were not attempted (see below).
Mixed effects ANOVA, using site as a random effect, were used to examine the effect
of fire on basal injury and log density in the plots burned by prescribed and wildfires.
Generalised linear modelling (GLM) was used to examine how the predictor variables
of fire intensity, log size and log length influenced log consumption by fire, with a
negative binomial distribution being assumed. Akaike’s Information Criterion (AIC)
was used to select the most parsimonious model based on the lowest AIC value, in
accordance with the method described by Burnham and Anderson (2002).
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Figure 4.1: Location of study sites used in this study.
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Table 4.1: Different sites included in this study, including their location, vegetation
type (after Keith 2002), time since last fire and the estimated intensity of the sampled
fire. The number of quadrats and transects at each treatment also included. Where type
of fire is prescribed burn (PB), Wildfire at Chaelundi (WF), wildfire at control site for
prescribed burning (CWF) and control (burnt) site (controls). Where vegetation classes
are North Coast wet sclerophyll forest (NCWSF), Hunter-Macleay dry sclerophyll forest
(HMDSF), Northern Escarpment wet sclerophyll forest (NEWSF) and Coastal Dune dry
sclerophyll forest (CDDSF).Where dominant tree species are Ep= Eucalyptus pilularis,
Er= Eucalyptus resinifera, Eh= Eucalyptus haemastoma, Bs= Banksia serrata, Em=
Eucalyptus microcorys, Eg= Eucalyptus grandis, Ch= Corymbia henryii, Es=
Eucalyptus siderophloia, Ea= Eucalyptus acmenoides, Eb= Eucalyptus biturbinata, Ec=
Eucalyptus campanulata, where fire intensity is unburnt, low (scorch height of <1m),
moderate (scorch height 2-3m) and high (scorch height >3m).
Site
including
type of fire

Vegetation
class

Dominant tree
species

Time
since
last
fire
(years)

Fire
intensity
range

Number
of
quadrat
s

Number
of
transects

NCWSF
NCWSF
NCWSF

Ep/ Er
Ep/ Er
Ep/Er

~10
~10
~10

Low
High
Unburnt

7
0
0

4
2
2

Myall Lakes

NCWSF

Ep/ Er

~10

High

3

3

Myall Lakes

CDDSF

Eh/ Bs

~10

High

0

1

Myall Lakes

NCWSF

Ep/ Er

~10

Unburnt

0

2

PB

NCWSF

Er/ Ep/ Em/ Eg

>30

7

5

NCWSF

Er/ Ep/ Em/ Eg

>30

Low and
Moderate
Unburnt

0

2

Bago Bluff

NCWSF

Ep/ Er

>30

High

2

4

Bago Bluff

NCWSF

Ep/ Er

>30

High

0

2

Bago Bluff

NCWSF

Ep/ Er

>30

Unburnt

1

2

Joebills Rd,
Chaelundi

HMDSF

Ch/ Es/ Ea/ Eb

7

High

0

5

Quartz Rd,
Chaelundi

HMDSF

Ch/ Es/ Ea/ Eb

7

High

0

10

HMDSF

Ch/ Es/ Ee/ Eb

7

Moderate

0

8

Stockyard,
Chaelundi

NEWSF

Ec/ Ee

7

Moderate

0

5

Nymboida
controls
East
Nymboida
controls
West

HMDSF

Ch/ Es/ Ee/ Eb

7

Unburnt

0

10

HMDSF

Ch/Es/ Ee/ Eb

7

Unburnt

0

8

PB

Medowie
CWF
Medowie
Medowie
controls

PB

CWF

controls

Wallingat

Wallingat
controls

PB

CWF

controls

WF

WF

Link Rd,
Chaelundi
WF

WF
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Results
Effect of fire on tree collapse
Very few trees collapsed on the transect in the burnt sites. No trees collapsed on sites
burnt by prescribed fires, but a single tree collapsed in a control transect burnt by a
high intensity wildfire at Medowie. The DBH of the fallen tree was 51cm, compared
to the pre-fire mean DBH of 33.8cm for all recorded trees on the transect.

At the Chaelundi Plateau sites burnt by wildfire, six trees collapsed in total, with five
occurring at the Quartz Road site. This site burnt at the highest intensity (Table 1) and
all fallen trees were moderately sized (i.e. > 15 cm). The mean DBH of trees that fell
at Quartz Road was 50.8 cm compared with a pre-fire mean DBH of live trees of
35.4cm. Before the fire the stand had a density of large trees of 260 ha-1, therefore
3.9% of the large trees in the stand collapsed. A single tree (DBH 26 cm) collapsed at
the Joebills Road site. Before the fire the mean DBH of trees at Joebills Road was
27.5cm and the pre-fire large tree density was 340 ha-1 resulting in the collapse of
0.6% of large trees.
Effects of fire on basal injury
Incidence of basal injury at the sites burnt by prescribed fires was not significantly
different after fire, though there was a trend toward an increase (F= 3.25, Df= 1, P=
0.08; Figure 4.2). Incidence of basal injury remained unchanged at the unburnt control
sites (F= 0.4, Df= 1, P= 0.53; Figure 4.2). On control sites burnt by wildfire, the
incidence of basal injury was higher than before fire, however this trend was not
significant (F= 2.57, Df= 2, P=0.09; Figure 4.2).

Incidence of basal injury significantly increased after wildfire at the Chaelundi sites
(F= 8.76, Df= 1 P= 0.0004; Figure 4.3). Incidence of basal injury remained
unchanged at the unburnt Chaelundi sites (F= 2.8, Df= 1, P= 0.1; Figure 4.3).
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Figure 4.2: Differences in the proportion of trees within a stand with basal injury before
and after fire, including sites treated with hazard reduction burning (HR), affected by
wildfire and unburnt control sites. Graph shows means and 95 % confidence interval.

Figure 4.3: Differences in the proportion of trees within a stand with basal injury before
and after a wildfire for sites that occurred at Chaelundi. Graph shows means and 95 %
confidence interval.
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Log consumption
Consumption of logs in prescribed fires varied from zero to 50% of logs, with a mean
consumption of 23.4% (Figure 4.4). Significantly more logs were consumed on sites
burnt by medium and high severity fire (i.e. estimated flame height >1m) than sites
burnt by low intensity fire (i.e. flame height <1m; F= 5.86, Df= 3, P= 0.01; Figure
4.4). The preferred model for log consumption contained log length as the sole
predictor based on the lowest AIC value (Table 4.2). The probability of a log being
consumed by fire decreased as it became longer (F= 2, T= -3.145, P= <0.002; Figure
4.5). A relatively poor fit (being deviance explained) was found with 4.21%.

Figure 4.4: Proportional change in the number of logs under differing fire intensities,
showing means and deviance within the treatment for four separate prescribed fires.
Where UB= unburnt, L= low intensity, M= moderate intensity, H= high intensity. Box
and whisker plot shows smallest observation, lower quartile, median, upper quartile
and largest observation.
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Figure 4.5: The probability of predicted effect of log length (metres) on consumption of
logs during prescribed fires from a Generalised Linear Model, showing 95 %
confidence interval.

Table 4.2: Model selection using AIC for prediction of the probability of consumption of
logs during a prescribed fire.
model

AIC

daic

log length

887.4618

0

severity

898.4553

10.99357

log length + severity

937.4186

49.95687

log diameter + length

956.6684

69.20658

log diameter

958.9715

71.50974

log diameter + severity

960.6179

73.15612
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Discussion
Overall I found that levels of tree collapse were low (i.e. zero to 4%) with large trees
being more prone to collapse than smaller trees in sites burnt at high intensity. This
pattern was contrary to my prediction concerning tree size but consistent with my
prediction on the effects of fire intensity.

Basal injury tended to increase as a

consequence of fire, as predicted, though this trend was only significant in sites burnt
in the Chaelundi wildfires (Figures 4.1, 4.2). One reason for this may be differences in
species composition and consequent bark characteristics between the prescribed fire
sites and the Chaelundi wildfire sites (Table 4.1). Generalisations about propensity for
basal injury incurred from fires may therefore need to account for site and resultant
species characteristics. Patterns of consumption of logs were consistent with my
prediction, with shorter logs being more likely to be consumed than long logs (Figure
4.3). Additionally, higher intensity fires consumed more logs than lower intensity
fires, as predicted (Figure 4.3).

The low level of tree collapse found in this study has important consequences in
relation to carbon accounting, as logs will release carbon at a faster rate than living
trees (Grierson et al. 1992, Mackey et al. 2008, Keith et al. 2009) and the
management of hollows because in logged forests the abundance of trees suitable for
future recruitment of hollows tends to be low (Chapter 2, Parnaby et al. 2010). Our
results contrast with those of Parnaby et al. (2010) who found a higher level of tree
collapse (circa. 14-18.5%) following a prescribed fire in dry Eucalypt woodlands of
inland New South Wales, Parnaby et al. (2010), however, only considered the
collapse of mature trees. By contrast, Whitford and Williams (2001) found similar
levels of tree collapse resulting from fire (circa. 1.6 %) in forests in south-western
Australia, to the Chaelundi sites used in our study. The large amount of variation I
found in tree collapse (from 0-3.9%) may reflect differences in the previous fire
regime, tree species and environmental conditions on the site such as slope. In my
study we only considered the time immediately after the fire (3 months), thus further
collapse caused by fire may occur beyond the period of the study.

Differing propensity for basal injury among tree species may be related to differences
in bark type, timber durability and heating ability (see Chapter 3). Such differences
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may also account for the differing levels of collapse after fire found elsewhere,
(Parnaby et al. 2010, Whitford and Williams 2001), along with variations among sites
in my study. Parnaby et al. (2010) suggest that basal injury was the key factor
contributing to the collapse of trees in the dry woodlands of central New South Wales.

Previous studies have recorded a log consumption rate of between 30-100% (Hollis et
al. 2011a, 2011b, Grigg and Steele 2011), thus the mean and maximum log
consumption measured in my study is similar (i.e. 23% and 50% respectively).
Variation in log consumption rates may be due to variations in moisture content and
level of decay of logs plus the residence time and intensity of fires. The lowest rate of
consumption occurred on sites that were sparsely burnt with a very low severity. On
these sites the fire was patchy, often burning only 20% of the quadrat, thereby
contributing to the low level of log consumption.

It is possible that my measurements of tree collapse, basal injury and log consumption
were biased by the nature of the methods used. There was some error involved in
relocating transects which may mean that the degree of change in these responses was
under-estimated. I attempted to minimise errors by matching the dimensions of trees
and logs between pre and post-fire samples. Despite these limitations it is unlikely
that collapsed trees of significant size were missed during post-fire surveys. While no
trees collapsed in samples situated within the area burned by prescribed fires,
occasional instances of tree collapse were observed within the perimeter of these
burns, beyond my sampling quadrats. Thus, my results may be conservative,
particularly in relation to low intensity fires.

Overall the small increase in basal injuries attributed to fire (Figures 4.2, 4.3) is
relatively consistent with low levels of tree collapse. In essence, if injuries are the precursor to collapse, the rate of formation of injuries across cycles of fire will limit the
supply of trees that are vulnerable to post-fire collapse. Further long-term studies of
tagged trees may be required to further understand the determinants of critical rates of
injury and tree collapse in these forests.
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This study raises important questions about maintenance of logs within fire-prone
forests. My study (Figure 4.5) and others (Hollis et al. 2011a, 2011b, Grigg and Steele
2011) indicate shown log consumption in fires can be high, but as found here that
such losses far exceed those of inputs from collapsed trees following fire. This implies
that relatively frequent fires will rapidly deplete the abundance of logs, though it is
possible that further collapses of trees in the interval between fires may compensate
for this short-fall. If logs are to be sustained in a forest, what is the optimal fire
frequency that results in a stable density of logs? Given that log consumption in low
intensity fires here averaged 9% in my study (Figure 4.4), frequent low intensity fires
(e.g. every 5 to 10 years as scheduled for fuel reduction) may cause depletion of logs
over time. Potentially, consumption of logs could match or exceed that which is
incurred under a lower frequency (e.g. 20 years) and higher intensity regime of fires.
In the latter case opportunities for replenishment of logs via tree collapse between
fires will be higher. This may explain why lower levels of habitat complexity, as
contributed by logs, are found in forests of the study region under frequent burning
programs conducted in grazing leases (Tasker 2002). Further studies on tree collapse
and log consumption in relation to fire and in the intervals between fires are needed to
clarify the range of fire regimes needed to conserve the critical component of habitat
and carbon storage provided by logs.
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Chapter Five: Effects of logging and fire frequency on the
Greater Glider (Petauroides volans) and Yellow Bellied
Glider (Petaurus australis), in North-eastern New South
Wales, Australia
Introduction
Species of animals have diverse responses to fire regimes (i.e. frequency, season and
intensity of fires) that are a function of life history attributes and habitat requirements
(Whelan et al. 2002; Driscoll et al. 2010). Some animals are favoured by frequent
fire, as reflected by a peak in abundance immediately after fire then a decline (i.e. the
New Holland Mouse; Pseudomys novaehollandae from Australia, Fox 1982; the
Cerrado Mouse; Thalpomys cerradensis; from Brazil, Vieira 1999) while others
require habitat consisting of long unburnt complex vegetation (e.g. Northern Spotted
Owl Strix occidentalis; Clark 2011). A systematic understanding of the highly varied
fire regime requirements of different animal taxa is needed to underpin the
development of sustainable management strategies (Driscoll et al. 2010).

Contemporary forest management is predicated on the development of sustainable
harvesting and other practices. Development of formal guidelines for managing
disturbance regimes is a key part of ecologically sustainable forest management
(ESFM). Such guidelines seek to minimise adverse effects of forest management and
timber extraction on forest fauna species and their habitat (Anon 1999a, Anon 1999b).
Best practice ESFM requires a comprehensive understanding of the effects of
disturbance on fauna species. In particular, species that are most sensitive to
disturbance and which can function as biological indicators for others need to be
identified (Kavanagh et al. 2004, Loyn 2004).

Australian forests contain prominent assemblages of arboreal mammals which are
potentially vulnerable to disturbance regimes created by the combined effects of
logging (Lindenmayer et al. 1990a; Lindenmayer et al. 1999a; Kavanagh 2000) and
fire (Lunney 1987). Given the fire-prone nature of these forests, which are chiefly
dominated by Eucalyptus spp. and closely related taxa, it is imperative to understand
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how the effects of logging interact with differing fire regimes, in order to achieve
ESFM objectives.

Two common species of hollow-dependent gliding possums, Petauroides volans
(Greater Glider) and Petaurus australis (Yellow Bellied Glider), are sensitive to
logging with P. volans being the most adversely affected (Lunney 1987, Milledge et
al. 1991, Kavanagh et al. 1995, Kavanagh and Bamkin 1995, Kavanagh 2000, Loyn
2004). Eyre (2007) found that the occurrence of P. australis was negatively correlated
to past logging intensity, although results from other studies (Lunney 1987, Kavangh
et al. 1995, Kavanagh and Bamkin 1995) suggest this species has less sensitivity to
logging, presumably due to its larger home-range size and capacity to utilise tree
hollows in adjacent protected areas (Goldingay and Kavanagh 1993, Kavanagh and
Webb 1998). However, hollow availability and P. volans abundance are positively
correlated (Lindenmayer et al. 1990b, Eyre 2005) and this may be due to the smaller
home-ranges and diet of this species (Kavanagh and Lambert 1990, Kavanagh and
Wheeler 2004). If large numbers of hollow bearing trees (HBTs) are removed, the
density of animals is reduced (e.g. up to 40%, Kavanagh 2000). Logging potentially
reduces the density of these arboreal species through removal of a key component of
habitat, namely hollows.

There are no data regarding the effects of differing frequencies of fire on populations
of these species, with published studies restricted to the effect of a single fire. A
single intense fire may temporarily eliminate P. volans from eucalypt forests (e.g.
Lunney 1987), and as time since fire increases there is evidence that densities of these
animals may recover toward pre fire levels (van der Ree and Loyn 2002). Elimination
of P. australis for a significant period (i.e. 15 years) may also occur after a high
intensity fire (Goldingay and Kavanagh 1991). This suggests that high intensity fires
may have substantial effects on populations of arboreal marsupials and that significant
intervals between such fires are required to replenish and sustain populations. This
may be through direct animal mortality, increased predation post fire or alteration of
important habitat features, such as midstorey vegetation or leaf foliar chemistry. An
understanding of the consequences of differing frequencies and intensities of fire is
therefore required to build the capacity to manage their populations.
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The aim of this study was to determine the interactive effects of logging intensity and
frequency of unplanned fires on populations of P. volans and P. australis as indicators
of the likely responses to disturbance of other species of arboreal marsupials. In a
prior study, (Chapter 2) it was shown that fire and logging had generally opposing
effects on the abundance of hollows in warm temperate eucalypt forests containing
these arboreal glider species (Chapter 2). Hollow abundance was positively related to
fire frequency and negatively related to logging intensity (Chapter 2). Logging
intensity had the capacity to match or outweigh the positive effect of fire on hollow
abundance so that the availability of this key resource was diminished in logged
forests irrespective of frequency of fire. Given the evidence that fire can, on the one
hand, increase hollow abundance but on the other eliminate animals, it is imperative
to understand whether the positive, indirect effects of fire frequency on habitat are
likely to be outweighed by the direct effects (i.e. elevated mortality of exposed
animals). Here I use a large-scale correlative study to explore these issues. Specific
hypotheses include:
1. Significant differences will occur in relation to the abundance and presence of
P. volans and P. australis, respectively, between forest types.
2. Tree hollow and hollow-bearing tree density will be positively correlated to
the abundance and presence of P. volans and P. australis, respectively.
3. Logging intensity will be negatively correlated to the abundance and presence
of P. volans and P. australis, respectively.
4. Fire frequency will be negatively correlated to the abundance and presence of
P. volans and P. australis, respectively.

Method
Study area
This study was located in the contiguous sclerophyll forests of the Dorrigo, Guy
Fawkes and Chaelundi plateaux, of north-eastern New South Wales, approximately
500 km north of Sydney (Figure 5.1). The climate of the study area is warm
temperate, receiving between 1100 and 1950 mm of rainfall per annum with an
autumn maximum (Bureau of Meteorology 2012a). Two different forest types (as
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defined by Baur 1989) were selected for sampling. These were a wet sclerophyll
forest (WSF) dominated by New England Blackbutt (Eucalyptus andrewsii ssp.
campanulata), Sydney Blue Gum (E. saligna), Tallowwood (E. microcorys) and
Silvertop Stringybark (E. laevopinea) and dry sclerophyll forest (DSF) dominated by
Spotted Gum (E. henryii), Grey Gum (E. biturbinata) and Northern Grey Ironbark (E.
siderophloia).

Selective logging targeting large, straight trees as sawlogs, commenced in the study
region in the 1960s. Current harvesting prescriptions require that at least 10 habitat
(hollow bearing) trees and 10 recruitment trees (potential hollow bearing) per two
hectares must be retained during logging operations (Anon 1999b). Logging intervals
are between 15-30 years with most logged sites having been logged twice since 1960
(Forests NSW unpublished data). In recent decades significant areas have been
converted from State Forests to conservation reserves, in which logging is excluded.
Recently established conservation reserves include both logged and unlogged forests.

Large tracts of the study area were burnt in 1994 and also in 2000, 2001 and 2002.
These fires were large (sometimes >50,000 ha) and burned under severe weather
conditions typically from late August (late winter) to early December (early
summer).. Each year smaller fires (<1,000 ha) usually occur in the study area, under
milder conditions. A small proportion (~15%) of the study area has no record of fire
since 1980. The dry forest type has a history of more frequent fires and logging events
than the wet forest type.

Site selection
This study used a correlative approach to explore the effects of fire frequency, logging
intensity and forest type. Landscape-scale patterns of disturbance history (i.e. fire and
logging) were compiled and examined in conjunction with mapping of forest types.
Treatments were allocated by delineating areas that exhibited various combinations of
these influences. Potential sampling sites were then identified based on intermixing to
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avoid pseudo replication and confounding effects of other influences such as rainfall
and temperature gradients (Figure 5.1).

Figure 5.1 Location of sites used in this study

Digitised data layers were obtained for vegetation type (CRA vegetation; NSW
NPWS) which was supplemented by examining a forest type layer (Baur 1989) prior
to field verification. Fire and logging histories were also obtained (NSW Government
unpublished data). Logging records included the volume of timber removed and the
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year of each logging event. Fire histories, usually for wildfires only, were reliable
from 1980-present, but only included the perimeter of the fire with no data available
for fire severity or patchiness. Fire frequency was categorised for both the WSF and
DSF forest types as: long unburnt (no record of fire since 1980); infrequent fire (1 fire
since 1980), and; frequent fire (2 fires since 1980).
Time since fire was standardised by sampling only areas burnt in 2000-2002 (8-10
years prior to sampling) within treatments that had at least one fire. In long unburnt
sites, time since last fire was assumed to be >30 years. Logging intensity was
calculated from logging records (Forests NSW unpublished data). The total volume of
commercially valuable timber removed per hectare was used as an estimate of logging
intensity.

Several large wildfires in late 2009 burned through much of the study area. This
resulted in the loss of one potential treatment, i.e. DSF burnt previously at high
frequencies (i.e. > 2 fires between 1980 and 2002). This included sites where habitat
attributes, including hollow abundance, had been measured (Chapter 2) but which had
not been surveyed for fauna. As a result, sampling was confined to comparisons of
long unburnt and infrequently burnt sites only in DSF, whereas in WSF, sites burnt by
frequent fire were also included (Table 5.1). These sampling limitations in DSF
reduced the degree to which effects of hollow abundance plus fire and logging effects
on the study species could be explored.

Table 5.1: Number of sites per fire frequency treatment in each forest type in this study
Dry sclerophyll forest

Wet sclerophyll forest

Very infrequent fire (0 fires)

9

12

Infrequent fire (1 fire)

9

8

Frequent fire (2 fires)

0

10

N

18

30

Habitat and Fauna sampling
At each site a 500 m x 100 m quadrat bisected by a vehicular trail was established at
least 100m from the nearest fire frequency boundary. Forest structure and the
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abundance of hollows (i.e. HBT density and density of hollows) were measured along
10x 50 m transects within each quadrat; 0.5 ha total area sampled per site), as
described in (Chapter 2). These results (Chapter 2) were then used to quantify habitat
availability for the two glider species under differing combinations of logging
intensity and fire frequency. Sites were located at least 500 m from the boundary of
each fire frequency category, as the home ranges of these species are relatively small
(1-3 ha for P. volans; Kavanagh and Wheeler 2004, Pope et al. 2004, and 40-70 ha for
P. australis; Craig 1985, Goldingay and Kavanagh 1993). Thus, individuals recorded
during sampling were not expected to utilise other adjacent fire and logging
treatments.

Spotlighting was used to estimate the presence or abundance of arboreal marsupials,
at each site. A single pass of 500 m was made on foot (speed circa. 1 km/h) along the
trail that bisected each quadrat. A 50W spotlight (Lightforce, South Australia) was
used. Each pass was followed by a 5 minute listening period to detect any vocalising
P. australis. This was followed by the broadcasting of 15 minutes of call playback of
calls of Tyto novaehollandiae (Masked Owl), T. tenebricosa (Sooty Owl) and Ninox
strenua (Powerful Owl) using a 10W megaphone (Faunatech, Victoria, Australia),
followed by a further 5 minute listening period. The broadcasting of owl calls may
elicit a vocal response from P. australis or other species of arboreal marsupial
including Petaurus breviceps (Sugar Glider; Kavanagh and Rohan-Jones 1982). The
spotlighting was then repeated for the same distance in the reverse direction.

Counts of P. volans were made for each transect with the maximum number from
either the first or second pass of the transect being used (i.e. maximum number of
animals known to be alive at the site). P. australis, a highly vocal species (Kavanagh
and Rohan-Jones 1982), was recorded as present at a site if vocalisations were heard
or if it was observed at any time throughout the survey. This method for detection of
P. australis is likely to be conservative due to its cryptic nature, large home range and
the tendency for some animals to remain silent.

Three visits were made to each site in November 2009, January 2010 and April 2010.
Where possible on each night, the order of visits was randomised among logging and
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fire frequency treatments. During visits in November and January, 3 to 4 sites were
surveyed per night while in April 4-5 sites were surveyed per night. This level of
survey effort was considered sufficient to record both P. volans and P. australis with
90% certainty at a site, if they were present (Wintle et al. 2005).

Analyses
Because of low counts of P australis, scrutiny of effects of forest type, logging
intensity (continuous variable), fire frequency (long unburnt versus infrequently burnt
categories) and hollow abundance (density of HBT; density of hollows) was restricted
to presence of animals only, rather than abundance (Table 5.2). Effects of each of
these influences were tested in a single effect generalised linear model (GLM) with a
binomial distribution specified for the response variable (presence or absence of
animals). Limited data prevented the testing of models using multiple predictors and
their interactions. Further examination of the effects of fire, logging intensity and
hollow abundance was carried out within DSF only by fitting appropriate GLM
models.

For P. volans, effects of forest type, logging intensity, fire frequency (long unburnt,
infrequently and frequently burnt categories) and hollow abundance on animal
abundance (Table 5.3) were explored using a GLM with a negative binomial
distribution specified for the response variable (animal counts/ presence data). Data
were sufficient to allow for scrutiny of models containing differing combinations of
three out of the four candidate predictors. All combinations of the predictors were
examined. Estimates of Akaike’s Information Criterion (AIC) were used to choose the
most parsimonious model for prediction of P. volans abundance. Alternative models
within two AIC points of the best model (i.e. lowest AIC value) were considered to
have good support (Burnham and Anderson 2002). Initially models were evaluated for
alternative sets of response variables (i.e. maximum count from three visits versus the
average count from three visits). Results did not differ significantly between passes
(authors’ unpublished data), so only models using the average counts of P. volans are
reported here.
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Results
There were no significant effects of fire, logging intensity or hollow abundance on the
presence of P. australis across all study sites (Table 5.4). Forest type significantly
affected the presence of P. australis (Table 5.4), with animals more likely to be found
in DSF compared with WSF. Within DSF, effects of logging intensity and hollow
abundance on the presence of P. australis were non-significant (Table 5.4). Fire,
however, had a significant effect on the presence of P. australis in DSF, with animals
mostly absent on infrequently burnt sites but consistently present on long unburnt
sites (Tables 5.3 and 5.4).

The best model for prediction of average counts of P. volans included effects of fire
frequency, logging intensity and forest type (Table 5.5). The next two models were
5.5 and 7.3 AIC points lower and contained forest type and either fire frequency or
log intensity, respectively. All other models were greater than 15 AIC points from the
best model indicating no support. Average counts of P. volans were significantly
higher in WSF compared to DSF (Table 5.5). Significantly higher average counts of
P. volans were recorded in long unburnt sites compared with infrequently or
frequently burnt sites (Table 5.5, Figure 5.2). Average counts were not significantly
different between sites that had been burnt frequently or infrequently (Table 5.5,
Figure 5.2). The average count of P. volans declined significantly with increasing
logging intensity (Table 5.5, Figure 5.2). The best negative binomial model for P.
volans explained 81% of the variance, while the best binomial model for P. australis
explained 52.5% of the variance.
Table 5.2: Summary of habitat data for P. australis by forest type. Values are presented
as means (standard errors).
Presence

Absence

DSF

11

7

HBT/ha

17.27 (0.80)

18.43 (1.02)

Hollows/ha

46.36 (1.74)

41.57 (1.98)

WSF

5

25

HBT/ha

34.00 (11.82)

28.00 (2.76)

Hollows/ha

100.40 (31.40)

77.44 (7.06)
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Table 5.3: Summary of habitat data for P. volans by forest type. Values are presented as
means (standard errors).
Presence
Absence
DSF

4

14

HBT/ha

16.75 (0.75)

18.00 (0.77)

Hollows/ha

43.75 (2.50)

44.71 (1.69)

WSF

29

1

HBT/ha

29.31 (3.03)

20

Hollows/ha

82.55 (7.88)

44

Table 5.4: Summary of univariate GLM analysis for P. australis based on
presence/absence data. Each variable was modeled separately. Intercept values have
been removed.
z value

P value

HBT/ha

-0.799

0.424

Hollows/ha

-0.549

0.583

1 fire vs no
fire
2 fire vs no
fire
WSF vs DSF

-1.618

0.106

-0.151

0.88

-2.995

0.003

Table 5.5: Model summary for the best model explaining the abundance of P. volans.
Where WSF is wet sclerophyll forest, DSF is dry sclerophyll forest and logvol represents
logging intensity. A GLM with a negative binomial distribution was applied.

(Intercept)

Estimate

Std. Error

z value

Pr(>|z|)

-1.057

0.519

-2.039

0.041

WSF vs DSF

4.032

0.527

7.645

< 0.001

1 fire vs no fire

-0.786

0.250

-3.147

0.002

2 fire vs no fire

-0.613

0.219

-2.800

0.005

logvol

-0.009

0.003

-2.952

0.003
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Figure 5.2: Predicted abundance (individuals/ km) of Petauroides volans in Eucalypt
forests (black= WSF, grey= DSF) subjected to differing frequencies of fire (zero, one or
two fires since 1980) and intensities of logging (volume of timber removed) (zero –
square, 30 m3/ha – circle, 60m3/ha – triangle) estimated from the preferred model (see
Table 5). Bars indicate 95% confidence limits. DSF sites did not experience logging at
intensities of 60m3/ha and are therefore not represented here.
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Discussion
The study indicated that wildfire is likely to limit the abundance of common, arboreal
glider species in warm temperate eucalypt forests, in accordance with our initial
predictions (Tables 5.4 and 5, Figure 5.2). Similarly, increasing intensity of logging
may also limit the abundance of P. volans (Table 5.5, Figure 5.2) but this effect was
not observed for P. australis (Table 5.4), in partial accordance with predictions. The
lack of an observed effect of logging on P. australis may be due to a relatively low
sample size and the need for presence/ absence, rather than abundance data (i.e. an
effect may not able to be observed due to a low level of sensitivity in the survey
design). In P. volans, effects of increased hollow abundance under repeated fires (i.e.
Table 5.3) were insufficient to counter-act the effects of burning on average counts of
animals (Figure 5.2). It is possible that hollows created by fire are less suitable for use
by gliders than hollows created in unburnt conditions by termites and fungi
(Mackowski 1984). By contrast, the tendency for logging to diminish average counts
of P. volans (Figure 5.2) was consistent with trends in hollow abundance (i.e. lower
densities of HBTs and hollows under high as opposed to low logging intensities,
Table 5.3).

Trends in effects of logging intensity, forest type and fire frequency on P. australis
populations differed to those found for P. volans. The species exhibited
fundamentally different responses to forest type, as expected, with P. volans
favouring WSF, whereas P. australis favoured DSF (Tables 5.2, 5.4 and 5.5). Low
frequency fire significantly diminished the presence of P. australis in DSF, and also
average counts of P. volans in WSF (Tables 5.4 and 5.5). The preferences for forest
types among the glider species and their comparative responses to fire were not
confounded by differences in hollow abundance. In Chapter 2 it was shown that HBT
and hollow densities were similar in both forest types in long unburnt and
infrequently burnt sites, irrespective of logging intensity; however, on unlogged sites
the density of hollows and HBTs were positively correlated to fire frequency (Chapter
2). Thus, a fundamental negative effect of recent fire can be inferred which is
common among the two glider species, across the both forest types.
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The similarity in responses by the two species to infrequent fire in contrasting forest
types (Tables 5.4 and 5.5) occurred despite differences in vulnerability of the animals
arising from differences in home-range size and fire intensities among the forest
types. It is possible that the larger home range of P. australis may allow the species to
be able to shelter within gullies that typically burn at a lower severity than ridges and
midslopes, thus reducing the likelihood of direct fire mortality. Alternatively, due to a
larger home range, there is a greater probability that some areas of the home range of
P. australis will have remained unburnt or only be lightly burnt, thus post fire
foraging could occur there. Nonetheless, fires may be less intense in DSF sites due to
the relatively open, grassy nature of many of these sites (Binns 1995, Austeco 1999).
By contrast, in WSF, a dense understorey of shrubs and small trees is common (Binns
1995, Austeco 1999, Kavanagh et al. 1995). This may lead to higher fire intensities
and a greater degree of tree crown scorch and consumption when these forests types
burn. Thus, despite the potential for these effects to favour survival of P. australis,
responses of the species to infrequent fire were fundamentally similar, i.e. all fires, of
whatever frequency, appeared to result in lower population densities of P. volans and
P. australis.

By contrast with P. volans, logging intensity did not significantly diminish the
presence of P australis in both forest types combined or solely in DSF (Table 5.5).
The lack of significant effects of logging and hollow abundance (i.e. HBT and hollow
density) on detection of P. australis in DSF may have occurred for a number of
reasons. The species has a large home range (e.g. 30-70 ha, Craig 1985, Brown et al
2007, Goldingay and Kavanagh 1993) and therefore does not potentially require the
same density of HBT and hollows as P. volans. In the study sites, home ranges of
individuals may have intersected with unlogged riparian buffers and therefore
enhanced the ability of the P. australis to persist in the presence of logging
(Kavanagh and Webb 1998). Riparian buffers are often unlogged and contain a high
density of hollow bearing trees, thus may allow P. australis to persist. The retention
of incised P. australis feed trees on logged sites since 1999 and the required retention
of hollow bearing trees and habitat trees may have also mitigated logging effects on
P. australis.
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The DSF sites sampled in this study were at an intermediate fire frequency and
subsequently the full effect of the significant interaction between logging intensity
and fire frequency in relation to the loss of hollows and HBTs (as shown in Chapter 2)
was not observed on sites used in this study (due to the loss of the frequently burnt
sites to a wildfire mid study). However over time within logged sites the loss of
hollows and HBTs as a result of fire may remove suitable den sites for P. australis,
thus further compounding the fire effect observed in this study. Further work that
overcomes the constraints of this study is required to explore these possibilities.

Previous studies have identified hollow bearing tree density and the percentage cover
of the forest canopy as key habitat features for maintaining high density populations
of P. volans (Kavanagh 2000, Lindenmayer et al. 2004, Pope et al. 2004, Eyre 2006).
Such studies, however, do not account for the effects of fire frequency. Our study
shows that a single, recent (< 10 yr), wildfire has the capacity to reduce the abundance
of P. volans populations by more than half, irrespective of the abundance of hollows
(Tables 5.3 and 5.5). Thus, direct effects of fire appear critical in determining the
abundance of P. volans, and possibly others such as P. australis. Such direct effects
may have a number of causes, with the most likely being high mortality as a response
to lethal heating during fires (Bradstock et al. 2005, Goldingay and Kavanagh 1991,
Lunney 1987). If mortality is high, maintenance of populations will be dependent on
rates of dispersal and recolonisation (Bradstock et al. 2005). Given that these are
likely to be low in these glider species, due to their low reproductive rate and poor
dispersal ability (Tyndale-Biscoe and Smith 1969, Goldingay and Kavanagh 1990),
then the results are consistent with this hypothesis. Other possibilities include
detrimental post-fire changes to habitat attributes (e.g. such as removal of the mesic
midstorey, and loss of foliage cover in the forest canopy; Binns 1995; Tasker and
Bradstock 2006) or levels of predation (Kavanagh 1988, Kavanagh 2004, Russell et
al. 2003). Further studies would be required to discern among these alternatives.

Management implications
Fire, as foreshadowed, poses a management paradox. While logging has a consistent
negative influence on key habitat elements (e.g. hollow abundance, Chapter 2) and
species populations (Tables 5.4 and 5.5, Figure 5.2), fire frequency has divergent
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effects. On the one hand, highest densities of suitable hollows in these forests occur in
frequently burnt, unlogged forests. On the other, such regimes of fire are likely to
deplete populations of the study species, irrespective of logging (Tables 5.4 and 5.5,
Figure 5.2). While logging intensity outweighed the effects of fire frequency on
hollow abundance (Chapter 2), results of this study indicate that the relative effects of
logging and fire regimes on arboreal mammal populations are reversed, i.e. fire has a
negative, rather than a positive effect on arboreal mammal populations.

Much of the current emphasis on management of potentially vulnerable arboreal
mammal species is concentrated on development of management prescriptions for
retention of appropriate densities of HBT after logging operations (Anon 1999b). This
is reflected in assessments of the conservation status of these species, which deal with
effects of logging but not fire regimes (Kavanagh 2004). Our results indicate that, for
these two glider species, frequency of wildfires may be of over-riding importance to
the maintenance of populations in eucalypt forests (e.g. Figure 5.2). The magnitude of
the problem can be illustrated by the history of fire across the study region. The bulk
of the forested area (> 80%) is currently subject to infrequent or very frequent
burning, as defined above (i.e. average fire frequency, 20 years). As shown (Tables
5.4 and 5.5, Figure 5.2) such fire regimes are likely to strongly deplete populations of
P. volans and P. australis across the large areas which are typically burnt in wildfires
in the region. Such considerations transcend forest tenure. Similar effects may also
occur in relation to prescribed fire, in particular as a consequence of higher severity
prescribed fires that result in some degree of canopy scorch. Fire management is
likely to be equally important to the conservation of these species in production
forests and conservation reserves.

Management of the fire regime should be an important focus for conservation
management of these arboreal species, while not ignoring the need for logging
regimes that are also designed to conserve such species. Such a necessity will be
heightened by the prospect of climate change and resultant increase in unplanned fire
activity in Australian eucalypt forests (Williams et al. 2006; Bradstock 2010).
Appropriate management strategies for exclusion of key areas of habitat from high
frequency burning by unplanned fires are required. The results from Chapters 2 and 3
suggests that some input from fires may be required to allow for the production of
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additional tree hollows, however the suitability of these hollows for occupation by
fauna is currently unknown. The degree to which such considerations can be met
through low intensity prescribed burning or other management interventions should
be the subject of further research.

An important consideration should also be the potential effect of prescribed fires on
arboreal marsupial populations, particularly from fires with a higher severity (i.e. that
result in canopy scorch). In this situation, categorising fires between being
‘prescribed’ or ‘unplanned’ is not important, with the severity of the fire being the
likely factor that results in impacts to arboreal marsupial populations through direct
animal mortality. Subsequently, where possible, all fires should be of the lowest
possible severity.
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Appendix 5.1: counts of all species recorded during this study, relation to forest
type and fire frequency
DSF

WSF

Total sites
with
occurrence
s

Species

No

One

No fire

One fire

Two

n= 48

fire

fire

n=12

n=8

fires

n=9

n=9

Tyto tenebricosa

0

1

6

3

3

13

Ninox strenua

4

2

2

2

1

11

N. novaeseelandiae

4

1

11

8

5

29

Aegotheles cristatus

6

7

1

2

2

18

Tyto novaehollandae

0

1

0

2

0

3

Petauroides volans

3

0

11

8

10

29

*(8.7km-1 *)

*(2.7km-1 *)

*(4.3km-1 *)

n=10

Petaurus australis

9

2

0

1

4

16

Pseudocheirus peregrinus

3

0

6

0

1

10

Petaurus breviceps

3

6

3

2

2

16

Trichosurus vulpecula

3

0

6

0

1

10

Trichosurus caninus

2

0

5

0

1

8

Note: * denotes the population density of P. volans recorded during transect surveys
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Chapter Six: Summary of findings, implications and future
research
The preceding chapters identified key knowledge deficiencies behind the management
and conservation of hollow bearing trees and hollow dependent fauna. The studies
described in these chapters tested hypotheses developed in the introduction using
observations made across disturbance gradients (chapters two, three and five) and
before and after fires (chapter four).

The specific hypotheses posed in the

introduction were:
1. The effect of fire frequency and logging intensity on forest stand structure and
density of tree hollows in wet and dry sclerophyll forest;
2. The effects of tree size (diameter at breast height, DBH), forest type and fire
frequency on the occurrence of hollows within unlogged wet sclerophyll forest
(WSF) and dry sclerophyll forest (DSF);
3. The effect of individual fires on tree basal injury, tree collapse and
consumption of logs in sclerophyll forests;
4. The combined effects of fire frequency and logging intensity on populations of
Petauroides volans (Greater Glider) and Petaurus australis (Yellow Bellied
Glider) in WSF and DSF.

In this chapter the results from chapters 2-6 will be reviewed and discussed with
regard to the conservation and management of hollows and hollow dependent fauna in
Eucalypt forests. Future research questions are also identified.
Summary of findings from chapter two: Effect of fire and logging on forest stand
structure and hollow bearing trees in Eucalypt forests
Under a regime of frequent (two fires in 30 years) or very frequent fire (three fires in
30 years) in unlogged forest, the abundance of HBTs and hollows increased; however,
in logged forest, with a regime of frequent or very frequent fire, a loss of HBTs and
hollows occurred, due to an absence of hollow recruitment. These results suggest that
within logged forest, hollow loss may be unavoidable under a regime of relatively
frequent fire, at least in the medium term (i.e. ~5-50 years) until the age cohort of
potential HBTs becomes larger. This has obvious implications for the conservation of
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hollow dependent fauna, as many species such as P. volans require high densities of
HBTs and without hollows such species cannot persist within the forest ecosystem
(Pope et al. 2004, Kavanagh 2000). Species of possums and gliders often form a
significant proportion of the diet of threatened carnivores, specifically Dasyurus
maculatus (Spotted Tail Quoll; Glen and Dickman 2006) and large forest owls
(Kavanagh 1988), thus any subsequent decline in these species may result in impacts
throughout the forest food web.
Summary of findings from chapter three: the effect of tree size and fire
frequency on the presence of basal injury and tree hollows in common
sclerophyll forest species
DBH was positively correlated with the presence of hollows in five of the eight
species considered. More importantly the study found that fire frequency decreased
the DBH at which trees were predicted to develop hollows in five of the eight species
considered. This has important implications for the maintenance of hollows in
sclerophyll forests, in particular the possible application of fire within heavily logged
forests to attempt to promote hollow development in younger trees. However further
studies are required that consider the suitability of these hollows for occupation by
hollow dependent fauna.

Summary of findings from chapter four: The effect of individual fires on tree
collapse and log consumption in sclerophyll forest
The aim of this study was to investigate the effect of individual fires on tree basal
injury, tree collapse and consumption of logs in sclerophyll forests. Individual fires
were found to produce a relatively low level of tree collapse, although increased
levels of basal injury occurred compared to unburnt analogue sites. This result
indicates that low-moderate severity fires will not cause a major alteration in the
forest stand structure. Instead frequent fire is required to produce significant change in
the forest stand structure. While sample sizes of collapsed trees were low, indications
suggest that collapse is positively correlated to fire severity, with all tree collapse
occurring under higher severity fires. While low rates of collapse were detected, this
does not necessarily mean that collapse does not occur as the sampling for this study
occurred immediately after the fire. With higher levels of tree basal injury, there is
100

potential for tree collapse to occur through interaction with other processes such as
wind as a consequence of reduced structural stability (Whitford and Williams 2001).

I found that hazard reduction burning could remove around 50% of logs, representing
a major change to the forest structure and significant alteration to the forest floor
architecture. This is significant given the low level of tree collapse resulting from the
single fire, however is in accordance with previously published studies (Hollis et al
2011b). This suggests that low to moderate intensity fires may remove, rather than
replace logs on the forest floor and fires that produce greater levels of tree collapse
may be required infrequently to replenish the stock of logs.

Summary of findings from Chapter Five: The effect of fire and logging on
Arboreal marsupials
I found that fire and logging had a significant effect on the abundance of P. volans,
with fire also having a significant effect on the occurrence of P. australis in dry
sclerophyll forest. Logging, however, did not have an effect on the occurrence of this
species in either forest type; however this result may be due to low sample sizes and
the use of presence/ absence data which is less sensitive than abundance data. The
negative effect of logging on the abundance of P. volans has been recorded previously
(Kavanagh et al. 1995, Kavanagh and Bamkin 1995, Kavanagh 2000, Eyre 2006) and
the species is considered to be sensitive to logging (Loyn 2004, Kavanagh 2004,
Kavanagh et al. 2004). This may be due to its small home range (1.5-4 ha, Comport et
al. 1996, Kavanagh and Wheeler 2004, Pope et al. 2004) hence it is less likely to
benefit from unlogged riparian buffer zones that are retained during logging
operations than species with a larger home range (e.g. P. australis). P. australis has a
home range of between 30-60 hectares (Craig 1985, Goldingay and Kavanagh 1993),
so that in a 200 hectare logging compartment around 60 hectares (30%) is retained as
riparian buffer zones (Brian Tolhurst, pers. comm., December 2010). Petaurus
australis is considered to be able to utilise unlogged buffer zones and also retained
trees across the cutting area (Kavanagh and Webb 1998). These factors may explain
why P. australis was not significantly affected by logging.
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In chapter two, I found that the combined effects of logging intensity and fire
frequency reduced the abundance of HBTs and hollows. This result suggests that the
density of P. volans, a species that has been shown be positively correlated to HBTs
(Eyre 2005), may not only decline as a direct consequence of fire, but also as a result
of habitat alteration by logging that removes potential denning sites. The effect of fire
on populations of P. volans and P. australis may be a direct consequence of direct
animal mortality, the removal of suitable HBTs post-fire (Banks et al. 2011),
alteration of preferred habitat attributes including the removal of midstorey vegetation
(for P. australis) or altered leaf chemistry (for P. volans). However, in this study none
of these factors were studied, thus the mechanisms that caused negative effects of fire
on abundance were not identified.

Management implications
This study has provided an insight into the ecology of hollows and hollow dependent
fauna and the management of fire-prone sclerophyll forests. I have found that fire may
aid in the production of additional hollows in unlogged forest and this raises
important questions as to the mechanisms behind the production and consumption of
hollows and HBTs. While this suggests that fire may be beneficial for the creation of
hollows within sclerophyll forest, the suitability of these hollows for use by hollow
dependent fauna is currently unknown. While this study occurred at a landscape scale
level incorporating two distinct forest types, caution should be used when applying
these results at a broader level within other forest types. I have outlined some
important management strategies that may be applied from this research and have also
discussed the limitations of the knowledge and future research questions that should
be addressed. These suggestions are summarised below.
Sustaining hollows in timber production forest
This study found a significant negative interaction between logging intensity and fire
frequency, suggesting that hollow loss is occurring within timber production forests.
Consequently the current regime of hollow tree retention may not be allowing for the
long term maintenance of hollows within timber production forest. These findings are
supported by those of Gibbons et al. (2010) who found that within the montane
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Eucalypt forests of Southeastern Australia, current hollow bearing tree retention rates
(i.e. retention of equal numbers of recruitment trees and hollow bearing trees after
logging) produced a net loss of hollows. Three options for conserving hollows and
hollow dependent fauna in timber production forest emerge as a consequence of the
results from Chapter 2 (in relation to hollow loss in logged forest), within the forests
of the study area. These are:
1. Maintain the current management prescription for retention of trees in logged
forests. Under the current regime of frequent fire in these forests, most hollow
bearing trees within logged areas will then be lost in the short to medium term
(~10-30 years) and further declines in populations of hollow dependent fauna
with a small home range (e.g. P. volans, Climacteris sp. (Treecreepers)) will
then follow.
2. Increase the number of hollow recruitment trees that are retained from
logging. This will reduce losses of hollows and stabilise the hollow numbers
over time. This may sustain populations of hollow dependent fauna within
logged areas, though it would reduce timber yields.
3. Increase the size of riparian buffers and do not retain any hollow bearing trees
within the cutting area (i.e. enlarged riparian buffers are used as offsets that
remain unlogged, thus retain all existing HBTs and potential recruits). This
would result in an absence of hollow dependent fauna with a small home
range within the cutting area, however through gazetting a larger riparian
buffer additional forest is protected. Depending on the increased size of the
buffer, the cost may be neutral or prohibitive.

While each strategy has its benefits and weaknesses, if any new strategy is adopted
with regard to the reservation of HBT, monitoring should occur to ensure the
effectiveness of the strategy for conserving HDF.
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The use of fire to create hollows in heavily logged forest devoid of existing
hollows
Within Eastern Australia, large tracts of land which are managed for conservation
have been previously subjected to a regime of high intensity logging. This has
included timber stand improvement (TSI) and pit propping (State Forests of NSW
1994a, 1994b). Hollow dependent fauna within these forests occur at much lower
densities than in forests that have not be cut as intensively (Kavanagh et al. 1995).
The findings of this study raise an important question about the potential use of fire to
accelerate the development of hollows within these forests. Often isolated hollow
bearing trees still occur in forests that have been logged in the past (McLean
unpublished data) at densities of < 1ha-1. However, in these forests, the age of the
predominant cohort in which hollows are likely to be formed is commonly circa. 50
years, as a result of this logging history. This age is less than the youngest recorded
age for hollow formation (i.e. circa. 80 years, Koch et al. 2008).

Therefore, should a regime of relatively frequent (5-10 year interval) fire (i.e.
‘ecological burning’) be applied to stimulate hollow formation in these cohorts of
relatively young trees? Such a strategy may have a high chance of eliminating
existing hollows in logged forests (see chapter 2) but not in regrowth forests now
protected from logging in conservation reserves.

Alternatively should there be a continuation of the current strategy of treating small,
strategic areas with prescribed fire, as a way of restricting area burnt by wildfires?
What would be the implications for hollows and their dependent fauna?

The

consequences of these alternative strategies depend on insights derived from more
detailed observations of tree growth, survival and injury rates derived from targeted,
long-term monitoring studies. Caution should be applied if a strategy of increasing
the fire frequency within logged forest for the future production of hollows is to be
applied. This could be through establishing monitoring plots (with a size of 50-100
hectare) within forest with a low hollow density that may be exposed to alternative
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combinations of fire frequency and intensity, for this purpose. Many species of hollow
dependent fauna have large home ranges (e.g. Ninox strenua (Powerful Owl) 8001000 ha; Kavanagh, 1997) thus monitoring the response of this species and similar
species to any environmental change at this scale could be difficult.

When are enough hollows enough? Should old growth forest be burnt to increase
the abundance of hollows?
I found that within unlogged forest, a regime of frequent fire increased the abundance
of hollows when compared to forest that was burnt very infrequently (chapter 3).
Despite this, there was evidence that such a fire regime may cause a decline in
abundance of arboreal glider species (Chapter 5). This raises important questions
with regard to the management of these forests for the conservation of hollow
dependent fauna. Densities of hollows within areas that are frequently burnt may be
twice that of areas that are burnt very infrequently (i.e. 200 hollows ha-1 compared to
100 hollows ha-1). While on the surface this may appear to be beneficial to the hollow
resource, the suitability and preference of those hollows for occupation by hollow
dependent fauna is unknown. To date, the density at which hollow abundance no
longer becomes a limiting factor for hollow dependent fauna has not been determined
for any species. In the Mountain Ash forests of Victoria, Smith and Lindenmayer
(1990) found a positive linear relationship between the abundance of HBTs and P.
volans and a similar relationship was found in this study. Unfortunately the short to
medium term effects of wildfire on P. volans and possibly other species of HDF make
a fire regime to increase the abundance of hollows alone not the best choice for
conserving hollow dependent fauna. The effects of further use of prescribed fire in
unlogged forests should therefore be contingent upon completion of carefully
designed research that is targeted at determining not only hollow formation but usage
of hollows by key fauna, as well as their survival rates during and after fires.
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Population viability of P. australis and P. volans across the landscape under a
regime of frequent fire
In this study I detected significantly less P. volans in wet sclerophyll forest that had
been burnt 10 years prior to sampling, compared to long unburnt (>30 year) wet
sclerophyll forest. The occurrence of the P. australis in dry sclerophyll forest was also
reduced in forest that had been burnt once 10 years ago, compared to long unburnt
(>30 year) dry sclerophyll forest. These findings raise important questions with regard
to the conservation of these species across a landscape that experiences a regime of
frequent fire. The need to investigate this problem further is heightened by the
prospect of increased fire frequency and intensity under climate change as a result of
hotter, drier summers. It is unknown if these findings are restricted to only high
intensity, ‘crown’ fires or if declines would also occur under lower severity fires, for
example prescribed ‘grazier’ burns and hazard reduction burning.

In many large forest areas in Eastern Australia, the fire interval is already relatively
low (e.g. the Wet Sclerophyll Forests of Eastern Australia including Barrington Tops,
Southeast Forests National Park), thus any increase in the between fire interval may
result in significantly reduced populations of these species. It is important to identify
mechanisms through which species declines can occur, ideally through establishing
targeted research studies of populations before and after broad scale prescribed fire.
This may occur through the use of capturing individuals and fitting radiotelemetry or
through fitting colour unique, reflective ear tags to P. volans. The most appropriate
length of interval between fires may be a key factor to study in the future, as P. volans
has a slow reproductive rate and poor dispersal ability. Subsequently the time required
for the recovery of these species needs to be determined. In the Royal National Park,
located to the south of Sydney, P. volans is believed to have become extinct after the
1994 fires and was not again recorded until early 2012, thus the return of this species
to detectable levels took 18 years (Office of Environment and Heritage 2012). Studies
that consider the level of mortality and/ or population decline as a function of fire
severity are required in the future. Furthermore studies that examine the time required
post fire for populations to recover should also be established.
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Due to the significant impacts from fires occurring on populations of large arboreal
marsupials (namely P. australis and P. volans) their conservation in the future as a
consequence of more frequent and intense fires as a result of climate change is not
assured. Hopefully through identifying this problem in this study, appropriate research
and management strategies for their conservation may be developed in the future.
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Appendix- AIC values of alternative models to support Chapter Three
Appendix 1.1: Alternative generalised linear models with regard to the prediction of
basal injury in sclerophyll forest, including delta AIC values (DAIC). Where: dbh is
diameter at breast height, dbh2 is diameter at breast height squared, ff is fire frequency
as a continuous variable, fff is fire frequency as a categorical variable, WSF is wet
sclerophyll forest, species is tree species, df is degrees of freedom from the model.
WSF species are E. campanulata, E. saligna, E. microcorys, E. eugenoides. DSF
species are C. henryi, E. biturbinata, E. acmenoides, E. siderophloia.
Variable

Alternatives

C. henryii

dbh2 – dbh + ff +

DAIC
value
0.57

dbh*ff;
dbh + fff
E biturbinata

1.44

dbh – dbh2 + ff –
0.35
dbh*ff;

E. acmenoides

E. siderophloia

dbh + ff;

0.19

dbh + ff – dbh*ff;

1.19

dbh;

1.62

dbh + ff;

0.91

dbh + ff – dbh*ff

1.12

dbh + fff + dbh*fff

0.028
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Appendix 1.1 continued
E. saligna

dbh + ff – WSF +

1.203

ff*WSF;
dbh2 - dbh + fff –

1.671

WSF;
dbh + ff – WSF +

1.56

ff*WSF + dbh*WSF;
E. microcorys

-dbh + fff – WSF +

11.1

dbh*fff
E. campanulata

dbh2 + dbh + fff –

1.59

WSF + dbh*fff
dbh + ff – dbh*ff;

0.27

dbh + ff; dbh + fff;

1.43

dbh + fff + dbh*fff

1.61

Species

dbh + fff + species

0.1

WSF species

dbh2 – dbh + fff +

0.26

E. euginoides*

species + fff*species
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Appendix 1.2: Alternative generalised linear models with regard to the prediction of
tree hollows in sclerophyll forest, including delta AIC values (DAIC). Where: dbh is
diameter at breast height, dbh2 is diameter at breast height squared, ff is fire frequency
as a continuous variable, fff is fire frequency as a categorical variable, WSF is wet
sclerophyll forest, species is tree species. WSF species are E. campanulata, E. saligna,
E. microcorys, E. eugenoides. DSF species are C. henryi, E. biturbinata, E.
acmenoides, E. siderophloia.
Variable
C. henryii

Alternative models
dbh + ff

DAIC
1.003

E. biturbinata

dbh – dbh2 + ff –
dbh*ff

1.628

E.
acmenoides

dbh – dbh2 + ff –
dbh*ff

1.131

E.
siderophloia

dbh + ff – dbh*ff

1.43

dbh – dbh2 + ff –
dbh*ff

1.66

dbh + fff

1.88

dbh + ff

0.164

dbh + ff – dbh*ff

0.793

E. microcorys

dbh – dbh2

0.13

E.
campanulata

dbh – ff + dbh*ff –
WSF

0.36

E. saligna

0.88
dbh – WSF
E. euginoides

Stags

dbh + ff - dbh*ff –
WSF + WSF*ff

1.082

dbh + fff + dbh*fff

1.119

dbh – dbh2

0.31

dbh – dbh2 – WSF

1.4
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Appendix 1.2 continued
Species

dbh – dbh2 + fff – WSF

1.3

WSF species

dbh + ff

0.84

dbh

0.97

dbh – dbh2 + ff +

0.69

DSF species

species
dbh – dbh2 + ff +

1.82

species – dbh*ff +
species*ff
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